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ABSTRACT 
Deep-sea hydrothermal vents are some of the most biologically productive 
ecosystems on Earth, yet receive little to no input of photosynthetically derived organic 
matter.  The trophic system at hydrothermal vents is based primarily on the reduction-
oxidation (redox) of inorganic chemicals by Bacteria and Archaea.  However, the 
distributional patterns of the microorganisms that colonize deep-sea hydrothermal vent 
deposits and their link to the geologic setting are still not deeply understood.   
The goal of the studies presented in this thesis was to quantify the abundance, and 
distribution of major and understudied vent colonizing archaeal groups from globally 
distributed and geochemically distinct hydrothermal vent fields.  The archaeal 
community composition was analyzed using quantitative PCR with lineage specific 
functional gene primers that target methanogens, and 16S rRNA gene primers designed 
or optimized from this study for the Thermococcales, Archaeoglobus, Ignicoccus and 
marine Nanoarchaeota.   
Overall, a general relationship was demonstrated between the geochemical 
differences of the hydrothermal vent fields and the archaeal community structure.   The 
archaeal community assemblage varied dramatically from hydrothermal vents with 
different vent host rocks along the Mid-Atlantic Ridge and Eastern Lau Spreading 
Center.  In contrast, two vent fields in the East Pacific, 9°N on the EPR and Guaymas 
Basin that are basalt and basalt-sediment hosted were found to have similar community 
composition.  These observeddifferences may be driven in part by the metabolically 
available chemical energy as hydrogen oxidizing lineages of the methanogens and 
Archaeoglobus were found in higher abundance in the samples from vent field that had a 
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high concentration of end-member hydrogen and the heterotrophic Thermococcales 
constituted a higher proportion of the archaeal community at the less enriched vent fields.  
Interestingly, the Nanoarchaeota and the genus of its only confirmed symbiont, 
Ignicoccus, were found to have an inconsistent proportional relationship, with the 
Nanoarchaeota comprising a larger proportion of the archaeal community at the 
ultramafic and fast spreading basalt vent fields and Ignicoccus at the ultra-slow spreading 
basalt and andesite hosted vent fields.   
There was also a more localized pattern identified within the hydrothermal vent 
deposit.  The chemosynthetic lineages of the methanogens and Archaeoglobus constituted 
a higher proportion of the archaeal community in chimney samples compared to 
Thermococcales that was found in a higher proportion at horizontal flange samples.  This 
archaeal proportional shift could be driven by energetic micro-niches within the vent 
deposit, as the chemolithotrophic lineages colonize the area closest to the venting source, 
and the heterotrophic Thermococcales dominate in more mature structures further from 
the venting source.     
Quantitative assessments of the archaeal community composition from this study 
provided added insight into the dynamic geologic influence on the archaeal lineages that 
colonize deep-sea hydrothermal vents, on a global and local scale.  
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CHAPTER 1: Introduction 
 
Since the discovery of hydrothermal vents in 1977, more than 150 vent fields 
have been identified along the 60,000 km ocean ridge system at back-arc spreading 
centers, mid-ocean ridges (MORs), active seamounts, and forearcs (Takai, 2011; 
Hannington et al., 2005).  Deep-sea vents are characterized by steep physical and 
geochemical gradients between the hot, anoxic, and reduced hydrothermal fluid and the 
cold oxygenated seawater.  The chemical disequilibria support diverse microbial 
populations that gain energy through the reduction and oxidation (redox) of inorganic 
chemicals.  Chemolithoautotrophic bacteria that colonize the chimney provide the 
trophic base to the most biologically productive and diverse ecosystem on Earth that is 
nearly devoid of input from photosynthetically derived organic matter (Lutz and 
Kennish, 1993; Sarrazin and Juniper, 1999).  
 
Geologic Setting 
Hydrothermal vents are formed at seafloor spreading centers as seawater enters 
the igneous crust through fissures and cracks and saturates the crust.  As the seawater 
descends, it is geothermally heated by shallow pockets of magma and is chemically 
altered as the host rock interacts with the seawater and is stripped of SO4, Mg, and Ca 
(Bischoff and Seyfried; 1978; Alt, 1995; Tivey et al., 2007).  Magmatic volatiles such as 
He, CO2, H2, and CH4 are added to the fluid along with H2S.  The hot, reduced, and less 
dense fluid rises quickly through the oceanic crust.  When the hydrothermal fluid 
reaches the seafloor it is expelled and reacts with the cold oxygenated seawater and 
polymetallic sulfide “chimneys” are formed as the metals precipitate out from the 
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hydrothermal fluid (Alt, 1995; Juniper and Tebo, 1995; Tivey et al., 2005).  The 
geochemical composition of the end member hydrothermal fluid is greatly influenced by 
subsurface interactions between the seawater and the host rock composition (Von 
Damm, 1995).   
There are three main types of hydrothermal vent host rocks that affect the end 
member fluid composition:  mafic, ultramafic, and andesitic (Butterfield and Massoth, 
1994; Gamo et al., 1997; Gamo et al., 2001; Charlou et al., 2002; Mottl et al., 2011; 
Holden et al., 2012).  Mafic and ultramafic hosted hydrothermal vent systems are 
typically found at MORs, while andesitic hosted vents are found at convergent plate 
boundaries (Tivey et al., 2005).  Basalt-hosted mafic hydrothermal vents tend to have 
significantly higher concentrations of H2S than ultramafic-hosted vents.  Ultramafic-
hosted hydrothermal systems have higher concentrations of H2, Fe, and CH4 than typical 
MOR systems due to serpentinization, a water-rock interaction that results in the 
reduction of H2O to H2 and the oxidation of Fe(II) to Fe(III) (Kelley et al., 2001; 
Charlou et al., 2002; Schmidt et al., 2007, McCollom, 2007).  Andesite, the third type of 
host rock, tends to be associated with back-arc basins that form parallel to island arcs 
(Charlou et al., 2002; Tivey et al., 2005).  Andesite hosted end-member vent fluid tends 
to have lower H2, CH4, and pH along with increased metal concentrations due to the 
influence of the subducting plate (Martinez et al., 2007).  Due to the non-uniform end-
member hydrothermal vent fluid between vent fields, thermodynamically favorable 
chemical reactions are expected to constrain the diversity and activity of the microbial 
energetic metabolisms present (McCollom & Shock, 1997; McCollom, 2007).   
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Emerging Patterns in Archaeal Diversity at Deep-Sea Hydrothermal Vents 
The taxonomic distinction of Archaea as a separate domain occurred in the late 
1970s due to the work of Carl Woese and colleagues who pioneered prokaryotic 
phylogeny by utilizing the small subunit rRNA sequencing (Woese and Fox, 1977).  The 
first Archaea isolated and characterized from hydrothermal vents occurred in 1983.   It 
was identified as a methanogen and originally named Methanococcus jannaschii, but 
later revised to Methanocaldococcus jannaschii (Jones et al., 1983; Whitman, 2001).  
Since the isolation of the first Archaea from a hydrothermal vent, both culture-
dependent and culture-independent studies have illuminated the immense metabolic and 
phylogenetic diversity of Archaea that inhabit these environments (Takai et al., 2006).   
The majority of Archaea belong to two main phyla, the Euryarchaeota and 
Crenarchaeota.  The Euryarchaeote-Crenarchaeote evolutionary split was originally 
proposed based on 16S rRNA gene sequences, and is strongly supported by comparative 
genetics as both phyla have unique replication, transcription, and translation pathways 
(Woese et al, 1990).  Other groups that are less abundant at deep-sea hydrothermal vents 
are the Nanoarchaeota and Korarchaoeta.  The taxonomic distinction between these two 
phyla, however, is controversial and not well supported (Huber et al., 2002; Brochier et 
al., 2005; Elkins et al., 2008). 
The Euryarchaeota lineages commonly identified at deep-sea hydrothermal vent 
biotopes are the methanogens, Archaeoglobales, Thermococcales, and the uncultured 
lineages such as the deep-sea hydrothermal vent group (DHVEG)(Takai et al., 2006a).  
Based on previous clone library and barcoded pyrosequencing analyses, the 
Thermococcales, Archaeoglobales, and methanogens, have been identified to often 
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constitute greater than 50% of the archaeal community from hydrothermal vent deposits 
(Table 1.1).    
Methanogens are a diverse group of Archaea characterized by their ability to 
reduce CO2 or organics to methane as an end product, and are an essential part of the 
global carbon cycle (Liu & Whitman, 2008; Wolfe, 1996).  The methanogens are 
composed of the orders Methanococcales, Methanosarcinales, Methanobacteriales, 
Methanomicrobiales, Methanopyrales, and Methanoplasmatales.  The majority of 
methanogen isolates are mesophilic, neutrophilic, have a wide salinity tolerance, and 
have been identified in diverse thermal environments (Liu and Whitman, 2008; Martinez 
et al., 2007; Bonin and Boone 2006; Whitman and Jeanthon, 2006; Kurr et al., 1991; 
Sakai et al., 2008) (Table 1.1).  Of the six orders of methanogens Methanobacteriales, 
Methanococcales, Methanopyrales, and Methanoplasmatales primarily utilize the 
hydrogenotrophic methanogenic pathway, with H2 and CO2 as their electron donor and 
acceptor (Liu and Whitman, 2008; Paul et al., 2012).  In contrast the Methanosarcinales 
and the Methanomicrobiales have wide metabolic substrate ranges.  The 
Methanosarcinales are able to produce methane by dismutation of single carbon 
compounds, in addition to either acetoclastic or hydrogenotrophic methanogenesis 
(Kendall and Boone, 2006).  The catabolic methyl dismutase process has thus far been 
exclusively identified in the Methanosarcinales.  The Methanomicrobiales can utilize 
formate and some alcohols in addition to hydrogen and carbon dioxide (Liu and 
Whitman, 2008).  Recently two strains of methanogens have been cultured that have 
revised the upper limits of archaeal life: Methanopyrus and Methanocaldococcus strains  
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Table 1.1  Summary of the barcoded pyrosequencing and clone library percent composition from deep-sea 
hydrothermal vent deposits for the Archaeoglobales, Thermococcales, methanogens, Nanoarchaeota, and 
Ignicoccus.  AMOR, Arctic Mid-Ocean Ridge; CIR, Central Indian Ridge; JDF, Juan de Fuca Ridge; MAR, Mid-
Atlantic Ridge; ND, none detected; 1 denotes barcoded pyrosequencing studies; 2 denotes clone library studies. 
  Archaeoglobales Thermococcales Methanogens  Ignicoccus Nanoarchaeota Reference 
ELSC (Kilo Moana)1 5.6 7.3 2.2 1.7 14.4 Flores et al., 2012a 
ELSC (Tow Cam)1 2.1 6.3 2.4 0.5 1.1 Flores et al., 2012a 
ELSC (Tahi Moana)1 0.8 6.8 1.1 0.5 6.6 Flores et al., 2012a 
ELSC (ABE)1 1.4 3 1.4 0.5 0.9 Flores et al., 2012a 
ELSC (Tui Malila)1 0.8 9.8 0.94 1.7 1.3 Flores et al., 2012a 
ELSC (Mariner)1 2 46.4 0.25 1.2 0.01 Flores et al., 2012a 
ELSC (Kilo Moana)2 80 12 ND ND ND Pagé, 2008 
ELSC (Tow Cam 1)2 2 8 88 ND ND Pagé, 2008 
ELSC (Tow Cam 2)2 20 68 ND ND ND Pagé, 2008 
ELSC (Mariner)2 18 20 ND ND ND Pagé, 2008 
MAR (Rainbow)1 11.4 20 32.1 0.1 2.5 Flores et al., 2011 
MAR (Lucky Strike)1 4 18 ND 1.3 1 Flores et al., 2012a 
MAR (TAG)1 19.1 13.4 ND 0.4 0.09 Reysenbach,  
MAR (Ashadze)2 19 6 25 ND ND Roussel et al., 2011 
MAR (Rainbow)2 14 7 ND ND 2 Roussel et al., 2011 
MAR (Snake Pit)2 22 71 ND ND ND Reysenbach et al., 2000 
MAR (Logatchev)2 7 11 74 ND ND Perner et al., 2007 
MAR (Lucky Strike)2  ND 100 ND ND ND Wery et al., 2008 
Off Axis (Lost City)2 ND ND 75 ND ND Roussel et al., 2011 
Off Axis (Lost City)2 ND ND 85 ND ND Schrenk et al., 2004 
AMOR (Loki Castle)1 1.8 28.4 2.8 ND ND Jaeschke et al., 2013 
Guaymas1 2.9 15.1 25.7 0.07 1.9 Reysenbach,  
Guaymas2 3 24 46 ND ND Page et al., 2008 
Guaymas2 5 4 19 23 ND Teske et al., 2002 
JDF (Dead Dog)1 35 4 ND ND ND Olins et al., 2013 
JDF (SulX)2 100 ND ND ND ND Pagé, 2008 
JDF (DanX)2 96 ND ND ND ND Pagé, 2008 
JDF (SMX)2 8 18 ND ND ND Pagé, 2008 
JDF (Mothra)2 3 16 9 ND ND Schrenk et al., 2003 
EPR (13N)2 21 88 30 ND ND Nercessian et al., 2003 
EPR (9N)2 24 21 3 ND ND Kormas et al., 2006 
EPR (Proto)2 ND 7 ND 83 ND McCliment et al., 2006 
EPR2 ND 56 ND ND ND McCliment et al., 2006 
CIR (Edmond)2 ND 7 ND ND ND Hoek et al., 2003 
CIR (Kairei)2 ND 25 75 ND ND Takai et al., 2004 
Okinawa2 6 18 12 ND ND  Nunoura & Takai, 2009 
Izu-Bonin Arc2 7 12 11 ND ND Higashi et al., 2004 
Manus Basin ()2 ND 28 ND 22 ND Takai et al., 2001 
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were cultivated at the highest known temperature for growth (122°C) and for nitrogen 
fixation (92°C) respectively (Mehta et al., 2006; Takai et al., 2008).   
Archaeoglobus fulgidus was the first isolated sulfate-reducing Archaea, 
originally found in marine springs off Volcano, Italy (Stetter et al., 1987).  The genus 
currently contains five other species: A. profundus, A. veneficus, A. infectus ‘A. 
lithotrophicus’, and A. sulfaticallidus (Burggraf et al., 1990, Huber et al., 1997; Mori et 
al., 2008; Steinsbu et al., 2010).  They represent a key group in biogeochemical cycling 
of sulfur as they are able to utilize sulfate, sulfite, or thiosulfate as a terminal electron 
acceptor (Stetter et al., 1987).   Acetate, lactate, and pyruvate are other electron donors 
that can be utilized by some members of the Archaeoglobus instead of molecular 
hydrogen.  Growth by strict chemolithoautotrophy has only been identified by ‘A. 
lithotrophicus’ (Hartzell and Reed, 2006).   
Within the Archaeoglobales, two other genera Ferroglobus and Geoglobus are 
autrotrophs and are able to utilize ferric iron (Tor & Lovley, 2001; Kashefi et al., 2002).  
The Ferroglobus have wide metabolic diversity as some members are able to utilize 
hydrogen, ferrous iron or hydrogen sulfide, with either nitrate or thiosulfate as electron 
acceptors (Hafenbradl et al., 1996).  All of the isolated strains from the family 
Archaeoglobaceae have been identified from environmental samples associated with 
hydrothermal vents or oil reservoirs (Table 1.1) (Steinsbu et al., 2010). 
The Thermococcales are generally anaerobic obligate heterotrophs and are the 
most frequently identified archaeal group from hydrothermal vents and have also been 
found at terrestrial hot springs, oil reservoirs, and from deep subsurface environments 
(Table 1.1) (Ronimus et al., 1997; Reysenbach et al., 2000; Takai et al., 2001; 
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Nercessian et al., 2003; Takai et al., 2004; Kormas et al., 2006). The Thermococcales are 
composed of three genera: Pyrococcus, Thermococcus, and Paleococcus that generally 
exhibit a heterotrophic fermentative metabolism.  The genus Pyrococcus is a 
hyperthermophilic group whose members have optimal growth that can exceed 100°C 
and have been isolated strictly from hydrothermal vents and thrives in a specific 
ecological niche (Morikawa et al., 1994).  The only known obligate barophilic 
hyperthermophile, strain Pyrococcus CH1, was cultured from Ashadze vent field on the 
Mid-Atlantic Ridge (MAR), one of the deepest known hydrothermal vent fields (Zeng et 
al., 2009).  Due to this specific ecological niche, Pyrococcus spp. are found in much 
smaller proportion of the archaeal community than the genus Thermococcus that has 
much wider physiological and metabolic capabilities (Table 1.1).   Thermococcus spp. 
have the most cultured representatives within the order and have been isolated from a 
wide distribution of environments, such as terrestrial hot springs, oil reservoirs, in 
addition to hydrothermal vents (Lepage et al., 2004; Takai et al., 2004; Nakagawa et al., 
2005a).  The third genus within the Thermococcales, Paleococcus is rarely detected at 
hydrothermal vents.  To date only three species within Paleococcus have been 
described:  Palaeococcus helgesonii, Palaeococcus ferrophilus, and Paleococcus 
pacificus (Takai et al., 2000; Amend et al., 2003; Zeng et al., 2013).  This group has 
similar growth conditions to the other two genera and utilizes elemental sulfur or ferrous 
iron as electron acceptors (Takai et al., 2000).   
There are several endemic archaeal lineages routinely found at hydrothermal 
vents that are taxonomically identified as DHVEG (Takai and Horikoshi, 1999; 
Reysenbach et al., 2000; Takai et al., 2001; Hoek et al., 2003; Nercessian et al., 2003; 
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Reysenbach et al., 2006; Flores et al., 2012b).  Within the DHVEG taxa, the order 
DHVE2 is represented by the first cultured thermoacidophile, Aciduliprofundum boonei, 
a peptide fermenter, that was isolated from the Mariner vent field on the Eastern Lau 
Spreading Center (ELSC) (Reysenbach et al., 2006; Reysenbach and Flores, 2008).   
The main groups of Crenarchaeota found at deep-sea hydrothermal vents are the 
Desulfuroccales, the deep-sea hydrothermal vent crenarchaeotal group (DHVC1), and 
marine group I (Takai and Horikoshi, 1999; Takai et al., 2006a).  The genera 
Pyrodictium and Pyrolobus are two of the main groups identified members within the 
Desulfurococcales.  The Pyrodicium are characterized by their ability to either reduce 
elemental sulfur coupled with molecular hydrogen or organics, and the Pyrolobus 
conducts chemolithoautotrophic hydrogen oxidation with either nitrate, sulfate or 
oxygen reduction (Reysenbach et al., 2002).   
Controversially placed as a monotypic kingdom, the phylum Nanoarchaeota is 
represented by a single cultured isolate of the species, Nanoarchaeum equitans that was 
isolated from the Kolbeinsey Ridge, a hydrothermal system located north of Iceland 
(Huber et al., 2002).  N. equitans is a small archaeum (400nm) that grows in strict 
anaerobic conditions between 75 and 98°C (Huber et al., 2002; Brochier et al., 2005).  
This species is the only known archaeal-archaeal obligate parasite/symbiont and forms a 
direct connection to the surface of the anaerobic chemolithoautotrophic sulfur-reducing 
Crenarchaeota, Ignicoccus hospitalis (Huber et al., 2002; Comolli et al., 2009).  N. 
equitans has no known energetic metabolism and thus relies exclusively on metabolites 
acquired from I. hospitalis (Huber et al., 2002).   
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Metabolic Diversity of Major Archaeal Groups 
Of the Archaea, methanogens, Archaeoglobales, and the Thermococcales often 
represent the major archaeal lineages at hydrothermal vents (Takai et al., 2006a; 
Nakagawa & Takai, 2008; Roussel et al., 2011; Flores et al., 2012a).   These three 
thermophilic groups have diverse energetic metabolisms that utilize various electron 
acceptors and donors along with carbon acquisition strategies (Nealson et al., 2005).  
This metabolic heterogeneity is implicated in influencing the spatiotemporal 
distributional pattern of these archaeal lineages in relation to the polymetallic sulfide 
vent development (Reysenbach et al., 2000; McCliment et al., 2006). 
 
Methanogens  
Chemolithoautotrophic methanogens have been shown to be the first colonizers 
of some hydrothermal vent deposit structures (Reysenbach et al., 2000; Page et al., 
2008).  Hydrogenotrophic methanogenesis is the main process of methane formation in 
high temperature environments, due to its thermodynamic advantage over the 
fermentation pathway (Table 1.2) (Dhillon et al., 2005; Amend et al., 2011).   Under 
anoxic reducing conditions it is also more energetically advantageous to grow 
autotrophically due to less of an energetic requirement for the production of 
biomolecules compared to heterotrophic growth (McCollum and Amend, 2005).   
Functional genes surveys of the methyl coenzyme reductase α-subunit (mcrA) 
gene that is a vital for methanogenesis have been used to link methanogenesis to specific 
environments, rather than inferred metabolic capabilities derived from 16S rRNA gene 
analyses.  Functional mcrA gene qPCR analyses have found methanogen mcrA genes in 
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relatively large abundances at hydrothermal vent fields with vent fluid enriched in 
hydrogen,  while there were no detected mcrA genes in the relatively low hydrogen, oxic 
hydrothermal vent fields (Flores et al., 2011).  The dearth of methanogens was attributed 
to low hydrogen concentration and relatively oxidizing conditions, as other hydrogen 
oxidizers advantageously out-competed the methanogens for hydrogen (Flores et al., 
2011).    
Phylogenetic analyses of mcrA genes have also revealed phylotypes of 
Methanococcales at Ashadze, Rainbow, and Guaymas Basin, Methanopyrales 
phylotypes at 13°N and Rainbow, and Methanosarcinales phylotypes at Ashadze, 
Rainbow, and Guaymas Basin (Nercessian et al., 2005; Dhillon et al., 2005; Roussel et 
al., 2011).  These findings are consistent with thermodynamic geochemical models that 
indicate that methanogens can only be quantitatively dominant in environments where 
CO2 is the only terminal electron acceptor, because methanogenesis is less energetically 
advantageous compared to other terminal electron acceptors such as sulfate, Fe(III), 
Mn(IV), and nitrate (McCollom, 2007).  The thermodynamic specificity of 
hydrogenotrophic methanogenesis limits the ecological niches that thermophilic 
methanogens can exploit at deep-sea hydrothermal vents (Ver Eecke et al., 2012; 
McCollom, 2007). 
 
Archaeoglobales 
As chimneys cool and the bacterial diversity increases there is a greater 
availability of complex organics that can be utilized as alternate electron donors in place 
of hydrogen.  At the seawater hydrothermal fluid interface, as the hydrothermal fluid 
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mixes with the sulfate rich seawater the high temperature environment becomes ideal for 
mixotrophic sulfate reduction (McCollom, 2007).  The concentration of sulfate in 
seawater is around 300 times greater than oxygen, even at low seawater to hydrothermal 
fluid mixing ratios hydrogenotrophic sulfate reduction becomes a thermodynamically 
favorable reaction over other reactions with various terminal electron acceptors 
(McCollom, 2007).   However, dissolved iron is exceedingly low in seawater and as a 
result the chemical energy availability for the other two genera within the 
Archaeoglobales, Ferroglobus and Geoglobus is constrained (McCollom, 2007).   
Due to the thermodynamic advantage of the Archaeoglobus’ sulfate-reducing 
metabolism, Archaeoglobus is often found to be a prevalent archaeal phylotype at 
hydrothermal vents, based on vent deposit diversity analyses (Table 1.2).  Functional 
gene qPCR surveys of the dissimilatory sulfate reductase β-subunits (dsrB) gene that is 
found in both bacteria and Archaea that is a vital for sulfate or sulfite reduction have 
revealed widespread distribution across hydrothermal vent fields with dramatically 
different geochemistry (Flores et al., 2011).  In addition, sequence analyses of dsrB 
genes have revealed Archaeoglobaceae specific phylotypes at Kairei on the Central 
Indian Ocean (CIR), and at 13°N on the East Pacific Rise (EPR) (Nakagawa et al., 2004; 
Nercessian et al., 2005).   
 
Thermococcales  
As chimneys become more mature, microbial diversity increases as 
microhabitats become available and the accumulation of complex organics allows for 
proliferation of heterotrophic microorganisms with more diverse metabolisms, such as 
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the Thermococcales (Reysenbach et al., 2000).  The Thermococcales utilize complex 
organics such as peptides, oligosaccharides, pyruvate, and amino acids coupled with 
hydrogen fermentation or elemental sulfur reduction (Zillig et al., 1983; Fiala and 
Stetter, 1986; Takai et al., 2000; Amend & Shock, 2001).  In addition, a minority of 
Thermococcales are also able to oxidize carbon monoxide with hydrogen production, or 
couple acetate with Fe (III) (Summit & Baross, 2001; Sokolova et al., 2004).   
Due to the metabolic diversity of the Thermococcales with regards to the 
fermentable substrates, the Thermococcales have an advantage over many other 
metabolisms in productive environments (Huber et al., 2006).  Thermococcales often 
dominate archaeal clone libraries in more mature, lower temperature hydrothermal vent 
deposits, and conversely constitute a much smaller proportion at high temperature 
nascent vents that are dominated by hyperthermophilic chemolithoautotrophic Archaea 
(McCliment et al., 2006).  Temporal studies of in-situ growth chambers have also 
demonstrated shifts in archaeal community abundances over time from 
chemolithotrophic archaeal lineages to the chemoorganotrophic Thermococcales 
(Reysenbach et al., 2000).   
 
Nanoarchaeota 
In contrast to the relatively well studied archaeal groups of the methanogens, 
Archaeoglobales, and the Thermococcales, little is known about the ecological 
interactions of the enigmatic lineages of Nanoarchaeota and Ignicoccus.  One study 
found the Nanoarchaeota and Ignicoccus were a predominant archaeal lineage identified 
from newly formed chimneys at the 9°N vent field on the EPR (Table 1.1) (McCliment 
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et al., 2006).  This same study identified phylogenetically distinct Nanoarchaeota 
sequences from mature vent samples that did not co-occur with Ignicoccus sequences, 
suggesting that the secondarily colonizing Nanoarchaeota represent a separate non-
Ignicoccus hosted lineage.  The high hydrogen and relatively low pH of the newly 
formed chimney environments could be favorable growth requirements of the 
Nanoarchaeota and Ignicoccus and allow them to be pioneering lineages of chimney 
structures.   
 
Current Metadata 
Until recently the influence of large scale geologic and subsurface geochemical 
processes on the vent colonizing archaeal communities remained relatively 
understudied.  Two seminal studies by Flores et al. (2011 & 2012a) used barcoded 
pyrosequencing to contrast the archaeal community composition of sulfide deposits 
between hydrothermal vent fields with different host rocks.  In the first of the two 
studies the archaeal community structure was analyzed between the Rainbow and Lucky 
Strike hydrothermal vent fields located on the MAR that are ultramafic and mafic hosted 
respectively.  The largest contrast between the two vent fields was that at the ultramafic 
hosted Rainbow vent field, methanogens constituted a large proportion of the archaeal 
community, while there were no detected methanogens at the basalt/mafic hosted Lucky 
Strike vent field (Fig 1.1).  At Lucky Strike the dearth of methanogens was attributed to 
low hydrogen concentration and relatively oxidizing conditions as other hydrogen 
oxidizers such as the Archaeoglobus advantageously out-competed the methanogens for 
hydrogen.  The Archaeoglobus however was found in relatively small proportion at both 
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Figure 1.1. a) Fraction of barcoded pyrosequencing 16S rRNA gene reads for the 
Thermococcales, Methanogens, and Archaeoglobales at Lucky Strike and Rainbow 
vent fields along the Mid-Atlantic Ridge.  Modified from Flores et al., 2011. Rb, 
Rainbow; LS, Lucky Strike .  b) Map of the location of the hydrothermal vent fields 
Lucky Strike and Rainbow along the Mid-Atlantic Ridge.  Modified from Rouxel , 
2004.   
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Rainbow and Lucky Strike compared to the methanogens even though 
thermodynamically they should out-compete the methanogens for hydrogen.  The 
Thermococcales constituted a relatively large proportion of the archaeal community 
across both vent fields and appeared to not be structured based on the divergent 
geochemistry of the two sites.   
The understudied lineage of the Nanoarchaeota was identified in all six 
sequenced samples from Rainbow, but in relatively low proportions (Fig 1.2).  In 
contrast, at Lucky Strike Nanoarchaeota sequences were only detected at two of the six 
samples.  Ignicoccus, the genus of the only confirmed marine Nanoarchaeota host, were 
only detected from two samples at Lucky Strike.  Overall it was found that the 
Nanoarchaeota were identified at more sites, and in a greater proportion of the archaeal 
community at ultramafic hosted Rainbow than at the basalt/mafic hosted Lucky Strike, 
and the inverse can be stated about Ignicoccus which was solely found at Lucky Strike.    
In contrast to the more geologically uniform MOR system, Flores et al. (2012a) 
contrasted the microbial community at six geologically diverse vent fields along the 
Eastern Lau Spreading Center (ELSC).  The ELSC is a back arc basin in the western 
Pacific that has a generalized geochemical gradient of end member fluid that 
systematically decreases from north-south in temperature, pH, and metabolically 
important compounds such as hydrogen and hydrogen-sulfide (Charlou et al., 2002).  Of 
the archaeal community the Thermococcales were detected at all the vent fields, but 
particularly dominated the archaeal community at the southernmost vent field Mariner 
constituting, up to 75% of the community (Fig 1.3).  This high proportion of 
Thermococcales could be associated with the high concentration of single carbon 
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compounds as CO2 concentrations are up to five times higher than the other vent fields 
and some Thermococcales species are able to oxidize CO to CO2 (Lee et al., 2008; 
Zivanovic et al., 2009; Vannier et al., 2011).  Methanogens and Archaeoglobus were 
found in low abundance at all the vent fields along the ELSC, especially at Mariner 
where the methanogens were almost undetected.  Nanoarchaeota OTUs were detected 
from 27 of the 34 samples, with the highest proportions concentrated in the 
northernmost basalt-hosted hydrothermal vent field of Kilo Moana and Tahi Moana (Fig 
1.4).   Ignicoccus was found in relatively low concentrations across all vent fields on the 
ELSC with only one sample constituting greater than 5% of the archaeal community.  In 
contrast to the archaeal community between the two vent fields on the MAR that 
segregated based on vent host rock, the ELSC had similar community structure between 
the basalt and andesite hosted vent fields, except for the southernmost andesite hosted 
vent field of Mariner.   
These seminal studies were able to identify a direct coupling of the archaeal 
community structure to large scale geologic processes of plate tectonic interactions and 
vent host rock.  However, some of the interesting lineage specific findings from these 
studies need to be verified using non-barcoded pyrosequencing molecular analyses.   
 
Scope of Thesis 
In this study I will utilize real-time qPCR with lineage specific primers to 
examine the quantitative shifts in the community abundance of the major archaeal 
lineages at globally distributed and geochemically distinct hydrothermal vents.  In 
Chapter 2, I report the further development and modification of real time qPCR 
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Figure 1.3. a) Fraction of barcoded pyrosequencing 16S rRNA gene reads for the 
Thermococcales, methanogens, and Archaeoglobales  at vent fields along the Eastern 
Lau Spreading Center. Modified from Flores et al., 2012a. KM, Kilo Moana; TC, Tow 
Cam; TaM, Tahi  b)  Map of the Eastern Lau Spreading Center vent fields. Modified 
from Flores et al. (2012a) & Ferrini et al. (2008) using the GeoMapApp 
(http://www.geomapapp.org/).  
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primers for the Thermococcales and Archaeoglobus, and the lineages of the Ignicoccus, 
and marine Nanoarchaeota.    For Chapter 3, I characterize the archaeal community 
abundance of the lineages of the Thermococcales, Archaeoglobus, methanogens, 
Nanoarchaeota and Ignicoccus from polymetallic sulfide deposits from mafic, 
ultramafic, and andesitic hosted vent fields along the MAR, ELSC, EPR, and the 
Guaymas Basin.  The primary goal of this study is to confirm the archaeal community 
structural differences between hydrothermal vent fields from the MAR and ELSC along 
with interesting lineage specific observations of the Thermococcales, Nanoarchaeota, 
and Ignicoccus based on barcoded sequencing from Flores et al. (2011 & 2012a).  In 
addition, this study will build upon the previous studies by contrasting the archaeal 
community abundances of two vent fields in the eastern Pacific (EPR and Guaymas) that 
are fast-spreading basalt and basalt-sedimented hydrothermal vent fields.   This study 
will also analyze the influence of more logalized geologic processes by contrasting the 
archaeal community between chimney and flange deposit structures.   
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CHAPTER 2:  qPCR Primer Design for Hydrothermal Vent Colonizing Archaeal 
Lineages 
Abstract 
In the last decade, technological advances in high throughput sequencing have 
enhanced our ability to analyze complex microbial ecosystems, such as those found at 
deep-sea hydrothermal vents.  However the universal primers utilized in these analyses 
often result in asymmetric amplification across taxa.  Real-time quantitative PCR 
(qPCR) allows for the quantification of target DNA based on a standard curve from 
known quantities of target DNA.  qPCR assays with taxon specific primers avoid 
problems associated with sequencing and amplification biases by universal primers by 
directly assessing the original gDNA rather than amplified PCR product.  However, 
primer sets and cycling conditions developed in earlier studies often are not optimized 
for qPCR, or do not target newly discovered organisms.  In this study I report the 
development of novel qPCR primers that target several important archaeal groups that 
inhabit hydrothermal vent deposits: the order Thermococcales, genera Archaeoglobus 
and Ignicoccus, and finally, members from the purported phylum Nanoarchaeota.  
Primer specificity was validated by mock archaeal community analyses, melt curve 
analyses, and traditional Sanger sequencing of environmental samples.   
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Introduction 
The domain Archaea is the most recently characterized, and the least understood 
of all the domains of life (Woese et al., 1990).  One of the reasons Archaea remains 
understudied is because many groups tend to inhabit extreme environments that are 
difficult to sample.  High temperature environments such as hydrothermal vents are 
seemingly inhospitable, yet harbor some of the most biologically productive areas on 
earth.  In deep-sea hydrothermal vent ecosystems, the interface where seawater and hot 
hydrothermal fluid meet houses a diverse microbiological community.  Archaea are a 
major component of this biological community and can be up to 50% of the total 
microbial assemblage (Harmesen et al., 1997; Nercessian et al., 2003).  The global 
distribution and ephemeral nature of hydrothermal vents have enabled the immense 
evolutionary diversification of thermophilic Archaea (Lasa, 1993).  
At the seawater-hydrothermal fluid interface geochemical gradients create 
numerous microhabitats comprised of distinct energy sources that can be exploited by 
various groups of Archaea.  The Archaea that exploit the micro-niches possess a variety 
of physiological capabilities; from chemolithoautrophs to chemoorganotrophs and 
aerobes to anerobes, and can also survive a range in pH and temperature.  Three archaeal 
groups that represent this physiologic diversity, and are also major vent-colonizing 
Archaea are the order Thermococcales, genus Archaeoglobus, and methanogens (Huber 
and Holden, 2008).  In contrast to these well-studied archaeal groups, little is known 
about the ecological interactions of the Nanoarchaeota and Ignicoccus at hydrothermal 
vents. 
There are still major gaps in our understanding of archaeal community 
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composition at deep-sea hydrothermal vents that are in part driven by inconsistencies 
and biases of molecular approaches used to quantify phylogenetic and metabolic 
diversity (Suzuki et al., 1997; Buchan et al., 2005).   
Microbial ecologists have historically utilized 16S rRNA gene cloning to explore 
species composition of complex microbial communities.  However, 16S rRNA gene 
clone libraries are not consistent in comparison to natural microbial communities, and 
often exclude key lineages due to kinetic binding differences across all taxa (Suzuki et 
al., 1997; Buchan et al., 2005).  Cloning and sequencing is an inefficient process and 
reproducibility of the species composition is particularly problematic and may require 
more than 10,000 reactions in particularly diverse samples (Narang and Dunbar, 2004).  
The burgeoning technology of Next Generation barcoded pyrosequencing overcomes the 
clone library limitation of sequencing depth by amplifying and sequencing up to tens of 
thousands of short 16S rRNA gene reads from a single sample. 
Although next generation sequencing has the potential to revolutionize the study 
of microbial ecosystems, there are a few biases associated with this technology that may 
result in non-representative datasets.  Microbial community diversity analyses of short 
rRNA gene reads are prone to errors with regards to the methodological and 
computational steps taken and reduce the ability to get a more accurate representation of 
the microbial community (Polz and Cavanaugh, 1998; Hong et al., 2009; Engelbrektson 
et al., 2010; Huse et al., 2010; Haas et al., 2011).  The read abundance of barcoded 
pyrosequencing can also be non-representative due to several systematic biases related 
to the extraction procedure, amplification, and sequencing (Amend, et al. 2010).  In 
addition, read abundance of barcoded pyrosequencing cannot infer quantitative 
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abundance, but can only measure proportional read abundance of a given taxon to other 
organisms. 
Of the various 16S rRNA gene primers that are used for barcoded 
pyrosequencing, many are characteristically prone to inconsistencies in taxonomic 
coverage and result in non-symmetric datasets between primers (Shakya et al., 2013).  
Shakya et al. (2013) found that from mock archaeal communities using the V4 archaeal 
primers, the Archaeoglobales was dramatically underrepresented with greater than 
tenfold underestimation of the total expected proportional abundance.   
In contrast, real time qPCR allows for the quantification of a specific taxa based 
on a standard curve from known quantities of target DNA (Livak, 2001).  Quantification 
with qPCR avoids problems associated with sequencing biases and amplification by 
universal primers by directly assessing the genomic community.  However, the accuracy 
of qPCR assays are dependent upon the specificity of the applied primer sets.  In the last 
20 years, there has been a dramatic increase in the number of published universal and 
taxon specific primers (Elwood et al., 1985; DasSarma and Fleischmann, 1995; 
Reysenbach and Pace, 1995; Watanabe et al., 2001; Kolganova et al., 2002; Baker et al., 
2003; Nercessian, et al., 2004).  Accompanying this rise in published primers has been 
an exponential increase in the number of 16S rRNA gene sequences deposited into 
public databases (Benson et al., 2010).  Due to the continuous discovery of novel 
sequences, many previously published primer sets were designed without new sequences 
and are unable to successfully target newly discovered organisms.  Also, primers for 
qPCR often require much more stringent conditions with regards to GC content, melting 
temperature, and amplicon size than conventional PCR amplification (Taylor et al., 
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2010).  As a result previously published primer sets often need to be re-optimized or 
completely redesigned.  
 Unlike the Thermococcales and the Archaeoglobus, the methanogens have a 
well established qPCR primer set that is widely used for methanogen detection (Lueders 
et al., 2001; Luton et al., 2002).  The qPCR primer set targets the mcrA gene that codes 
for the α-subunit of methyl coenzyme M (methyl-CoM) reductase that is necessary for 
the final step in methanogenesis and has close phylogenetic congruency to 16S rRNA 
gene methanogen phylogenies (Luton et al., 2002).  At the time of publication the mcrA 
qPCR primers were able to recover all five recognized orders of methanogens 
(Methanopyrales, Methanobacteriales, Methanococcales, Methanomicrobiales, 
Methanosarcinales) (Luton et al., 2002).  Local alignments also indicate the proposed 
order of the Methanoplasmatales has 1 base change to the mcrA qPCR primers 
developed by Luton et al. (2002).   However the primers do have several mismatches to 
one of the most recently documented sister groups of the Methanocellales.  The mcrA 
primers have several advantages over 16S rRNA gene primers for methanogen 
detection, as the specificity of the mcrA gene is limited to methanogens and methane 
oxidizers and the breadth of the primer set across the methanogenic orders may recover 
more novel sequences, and as a result create a more representative reconstruction of the 
methanogen community (Luton et al., 2002).   
In this study we report the development of qPCR primers that target the 
Thermococcales, Archaeoglobus, Ignicoccus, along with the marine Nanoarchaeota.  
These novel primers were designed based on a comprehensive survey of the published 
databases (February 2012), and unpublished archaeal 16S rRNA genes.  The specificity 
26 
 
of the primers were validated by both mock archaeal community analyses and 
sequencing of environmental gDNA vent deposit samples.   
 
Materials and Methods 
qPCR Primer Design 
qPCR primers were designed for the Archaoeglobus, Thermococcales, 
Ignicoccus, and marine Nanoarchaeota using 16S rRNA gene sequences obtained from 
published databases (SILVA and RDP) from February, 2012 and unpublished  
sequences of the marine and terrestrial Nanoarchaeota to assure maximum specificity, 
sensitivity, and efficiency.  The primers were designed under the following guidelines:  
primer length no less than 15 bp and no greater than 30 (15<x<30), melting temperature 
~ 60°C, GC content approximately 50%, amplicon size less than 300bp, and self-
complimentary and heterodimer strands were avoided (Taylor et al., 2010).  Target 16S 
rRNA gene sequences were aligned in MEGA5 and cross-referenced against the RDP 
database using the RDP BLAST program (Cole et al., 2007; Tamura et al., 2011).   
  
Conventional PCR 
Conventional PCR with the designed 16S rRNA gene primers using goTaq PCR 
mix (Promega, Fitchburg, WI) (50 µl reaction) were conducted to determine if the 
primers resulted in the desired amplicon size.  The PCR thermal cycling conditions were 
as follows:  5 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at ~60°C and 30 s at 72°C, 
and a final extension of 7 min at 72°C.  The resultant PCR product was visualized by gel 
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electrophoresis.  The annealing temperature of each of the designed primers were then 
optimized by running a PCR with an annealing thermal gradient from 55-65°C with both 
target and non-target archaeal gDNA.  Specificity of the designed primers were tested by 
running PCR assays of non-target archaeal gDNA as negative controls (Archaeoglobus 
lulqidus, Pyrococcus horikoshii, Ignicoccus hospitalis, and Nanoarchaeum equitans).  
The designed primers were then used on an environmental sample from the East Pacific 
Rise (3985-2-24) and the resultant PCR products were sequenced for specificity.   
  
Plasmid Standards 
Plasmid standards for qPCR were prepared by amplification of gDNA provided 
by the Podar Lab (Oak Ridge National Laboratory) from enrichment cultures of A. 
lulqidus, P. horikoshii, I. hospitalis, and N. equitans.  The sequences were amplified by 
conventional PCR using universal 16S rRNA gene primers 4F/1492R and 
Nanoarchaeota published primers 7mcF/1511mcR (Hohn et al., 2002).  The PCR 
product was cleaned using a QIAquick PCR Purification Kit and inserted into 
Escherichia coli plasmids following standard TOPO protocols (Qiagen, Venlo, 
Netherlands; Invitrogen, Carslbad, CA).  Clones were grown in TYPGN + kanamycin 
broth overnight at 37°C (Sambrock & Russell, 2001).  Purification of the DNA was 
completed by alkaline lysis (Sambrock & Russell, 2001). The purified plasmid DNA 
was quantified by Quant-iT PicoGreen mini kit and a microplate reader (BioTek, 
Winooski, Vermont; Carlsbad, CA).  DNA was diluted in PCR water to create a 
standard dilution series from 1 x 10
8
 to 1 x 10
0
 copies/µl for qPCR to ensure broad 
dynamic range of potential plasmid concentrations.   
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Quantitative PCR 
Genomic DNA from environmental samples was amplified using the primers 
designed in this study that target the 16S rRNA gene, using the Quantitect SYBR green 
PCR kit (Qiagen, Inc., Valencia, CA).  qPCR was conducted according to 
manufacturer’s protocols with a 0.8 μM final primer concentration.  The qPCR thermal 
cycling protocols were run according to Reysenbach et al. (2006).  To test for 
contamination and/or primer dimer, a melt curve of the PCR products from 55-95°C was 
performed after the final extension to verify the peak of the 16S rRNA gene amplicons.  
If multiple melting peaks occur there is high probability that the primers are non-specific 
to the target sequence, or that primer dimers formed (Ferriera, 2006).  Initial 16S rRNA 
gene concentrations were determined based on the mean cycle threshold of the duplicate 
samples using the Opticon Monitor software analyses.  Amplification and quantification 
of the mcrA functional gene was conducted following the methods outlined in Wilson 
and colleagues (2010).   
 
Results and Discussion 
Primer Sequence Alignment Analysis 
Thermococcales 
Order-level forward and reverse primers 993F_Thermo and 1063R_Thermo, 
were designed to target the Thermococcales (Table 2.1).  The less specific forward 
primer (993F_Thermo) had exact oligonuctotide matches to 442 Thermococcales 
sequences and twenty-one non-target sequences within the Thermoprotei (Table 2.2) 
(Cole et al., 2009).  The 1063R_Thermo primer matches 31 species of Thermococcus,   
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  Table 2.2 Oligonucleotide archaeal qPCR primer conditions and taxonomic 
coverage.   
Primer Name GC % Tm °C 
Hairpin 
Tm  °C 
Target 
RDP 
Sequences 
non-Target 
RDP 
Sequences 
110F_Nano 57.9 57.3 29.8 145 5 
458R_MarNano 57.1 58.5 35.4 4 0 
406_Ignio 58.3 62.9 44 18 6 
638R_Ignio 61.9 60.5 47.3 18 262 
242F_ArchaeoG 63.2 60.6 9.2 236 590 
438R_ArchaeoG 61.1 57.9 43.6 209 0 
993F_Thermo 63.6 63.8 35.1 442 21 
1063R_Thermo 52.2 60.4 57.6 450 0 
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seven species of Pyrococcus, and two species of Paleococcus (Table 2.3).  The primer 
sequence contained significant mismatches to closely related Euryarchaeota sequences 
at the positions 1122, and 1130-1134  (AF297529; AF025822; AF513710).  
 Archaeoglobus  
Genus level forward and reverse primers 242F_ArchaeoG and 438R_ArchaeoG 
for the Archaeoglobus, were modified from Nercessian et al. (2004) to meet qPCR 
primer design specifics (Table 2.1).  The less specific forward primer (242F_ArchaeoG) 
matches 589 non-Archaeoglobus sequences including five sequences from Ferroglobus 
and eighteen from Geoglobus based on the RDP database (Table 2.2) (Table 2.3)(Cole et 
al., 2009).  The more specific reverse primer (438R_ArchaeoG) matches 209 
Archaeoglobus sequences from RDP and contains major base changes to the ferric iron 
reducing Ferroglobus and Geoglobus genera within the Archaeoglobacae at the 444 
position (X99565; FJ216404).   
Nanoarchaeota 
For the proposed Nanoarchaeota phylum, primers that target the marine clade 
were developed (Table 2.1).  The less specific forward primer (110F_Nano) matches 
144 published Nanoarchaeota sequences and five bacterial samples based on the RDP 
database (Table 2.2) (Cole et al., 2009).  The specific marine reverse primer 
(458R_MarNano) matches N. equitans and three published and 24 unpublished marine 
Nanoarchaeota 16S rRNA sequences (Table 2.2) (Huber et al., 2002; Podar, 
unpublished).  The primer has major mismatches to non-Nanoarchaeota sequences at 
sites 494, 515, and 516 (AF297529; AF025822; AF513710; X99565; FJ216404; 
AJ318042; AB010957; AB029339; M35966; Z70250).    
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Table 2.3  Cultured representatives targeted by the designed or optimized primers.  
993F; 1063R 242F; 438R 110F; 458R  406F; 638R 
Thermococcales Archaeoglobus Marine Nanoarchaeota Ignicoccus 
Paleococcus Archaeoglobus Nanoarchaeum Ignicoccus 
 
ferrophilus 
 
profundus 
 
Equitans 
 
hospitalis 
 
helgensonii 
 
lithotrophicus 
   
pacificus 
Pyrococcus 
 
fulgidus  
   
islandicus 
 
woesei 
      
 
abyssi 
      
 
glycovorans 
      
 
horikoshii 
      
 
furiosus 
      
 
yayanosii 
      
 
pikanate 
      Thermococcus 
      
 
chitonophagus 
      
 
litoralis 
      
 
peptonophilus 
      
 
coalescens 
      
 
celericrescens  
      
 
waiotapuensis 
      
 
gammatolerans  
      
 
acidaminovorans  
     
 
aegaeus  
      
 
barophilus  
      
 
barossii  
      
 
celer  
      
 
fumicolans  
      
 
gorgonarius  
      
 
guaymasensis 
      
 
hydrothermalis 
      
 
mexicalis 
      
 
pacificus  
      
 
peptonophilus  
      
 
profundus  
      
 
siculi  
      
 
stetteri  
      
 
aggregans  
      
 
acidaminovorans 
      
 
pacificus 
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waimanguensis 
      
 
aegaeus 
      
 
sibiricus  
      
 
alcaliphilus  
      
 
onnurineus  
        litoralis              
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Ignicoccus 
 Genus level forward and reverse primers 406F_Ignio and 638R_Ignio for the 
Ignicoccus were modified from Nercessian et al. (2004) to meet qPCR primer design 
specifics (Table 2.1).  The less specific forward primer (406F_Ignio) matches the three 
Ignicoccus isolates in addition to 46 16S rRNA gene Ignicoccus sequences from the 
RDP database (X99562; AJ271794; CP000816) (Table 2.3) (Cole et al., 2009).  The 
more specific reverse primer (638R_Ignio) matches all three species of Ignicoccus and a 
total of 18 Ignicoccus sequences and has significant base changes from other 
Desulfurococcaceae at sites 481 and 486 (AF250331; X99555).   
 In order to further evaluate the coverage of the designed Ignicoccus primers 
the reverse primer was aligned to sequences that had a 95% Max ID to I. hospitalis from 
the barcoded pyrosequenced samples from the Mid-Atlantic Ridge, Eastern Lau 
Spreading Center, and Guaymas Basin (Flores et al., 2011; Flores et al., 2012a; 
Reysenbach, unpublished).  The reverse primer aligned with all sequences from Lucky 
Strike and 81% of sequences from the ELSC (Fig. 2.1).  The primer had mismatches to 
the samples from Rainbow and Guaymas Basin.  However, the samples from Rainbow 
and Guaymas did not have local alignments that were most similar to Ignicoccus spp.  
From these two sites the most similar sequences were most closely related to 
Staphlyothermus hellenicus.   
  
Annealing temperature verification 
The specific annealing temperature of each of the qPCR primer sets was verified 
by running a conventional PCR with an annealing temperature gradient with target and   
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Figure 2.1. Primer alignment of partial Ignicoccus spp.16S 
rRNA gene sequences from barcoded pyrosequencing from 
Flores et al., 2011, Flores et al., 2012a, and Reysenbach, 
unpublished.  
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non-target Archaea.  The annealing temperature of each primer set was chosen based on  
the closest temperature to 60°C that did not amplify with non-specific gDNA (Table 
2.1).  The marine and terrestrial Nanoarchaeota sequences had the highest annealing 
temperature of 62°C, while the Archaeoglobus and Thermococcales primer sets were 
found to be 60°C (Fig 2.2; 2.3; 2.4; 2.5).   
 
Primer validation 
Conventional PCR was performed to verify the proper amplicon size for each 
primer set.  Of the qPCR primer sets developed, mock archaeal communities with and 
without the gDNA target of interest were constructed.  For all the primer sets tested 
there was no amplification of archaeal mock communities without the target DNA (Fig 
2.6; 2.7; 2.8; 2.9).  For the Nanoarchaeota primer sets two less specific forward primers 
were evaluated (110F and 381F).  The primer set with 381F had a non-specific faint 
amplicon larger than the targeted amplicon size that was not present in the positive 
control or the 110F primer set (Fig 2.9).  Due to the non-specific amplification from the 
381F primer, the 110F primer set was further evaluated for qPCR assays, even though 
the amplicon size is greater than what is recommended for qPCR assays for highest 
efficiency (Taylor et al., 2010).   gDNA mineral sulfide deposit sample from the EPR 
(sample no. 3985-2-24) was then used to amplify each of the primer pairs using 
conventional PCR.  The resultant PCR products were sequenced, and for all the primer 
sets returned sequences with the highest MAX ID for sequences within each selected 
taxa (Table 2.4).  All the primer sets had only one single major melt peak between 85-
90°C, further verifying the specificity of the primer sets (Fig 2.10).  Environmental 
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     L      1.a    b    c      d      e       f       g     h     2.a     b      c      d      e      f       g      h     1.a    b      c      d      e       f       g     h 
Figure 2.2.  Conventional PCR annealing thermal gradient with Thermococcales  
primers.  Sample 1) P. horikoshii 2) A. luliquidus 3) M. jannaschii 4) A. boonei 5) 
I. hospitalis.  6) no template. Thermal gradient (°C) a) 64, b) 63.3, c) 61.8, d) 
59.8, e) 57.4, f) 55.3, g) 53.8 h) 53.0. 
 
 
 4.a    b      c       d      e       f      g     h    5.a    b      c       d      e       f      g     h    6.a    b      c       d      e       f      g     h  
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Figure 2.3.  Conventional PCR annealing thermal gradient with Archaeoglobus 
primers.  Sample 1) P. horikoshii 2) A. lulqidus 3) M. jannaschii 4) A. boonei 5) 
I. hospitalis  6) no template.  Thermal gradient (°C) a) 64, b) 63.3, c) 61.8, d) 
59.8, e) 57.4, f) 55.3, g) 53.8 h) 53.0. 
 
   L       1.a     b     c     d       e      f      g     h     2.a     b      c     d      e      f      g       h    3.a    b     c       d     e      f       g      h 
4.a     b     c     d      e      f      g      h    5.a    b      c      d       e      f      g      h     6.a     b     c       d      e     f      g       h 
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Figure 2.4.  Conventional PCR annealing thermal gradient with Ignicoccus  primers.  
Sample 1) I. hospitalis   2) I. hospitalis + N. equitans  3) 2/15/12 “Nano” culture 4) 
P. horikoshii  5) A. boonei.  6) No template.  Thermal gradient (°C) a) 64, b) 63.3, c) 
61.8, d) 59.8, e) 57.4, f) 55.3, g) 53.8 h) 53.0. 
 
    L   1.a   b     c      d    e     f     g    h    2.a   b    c     d     e     f     g    h   3.a    b    c     d     e     f     
g     h 
4.a   b     c      d    e     f     g    h    5.a   b    c     d     e     f     g    h   6.a    b    c     d     e     f     g     h 
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  Figure 2.5.  Conventional PCR annealing thermal gradient with marine 
Nanoarchaeota primers.  Sample 1) N. equitans 2) P. horikoshii 3) M.  jannaschii 4) 
A. boonei 5) P. aerophilium 6) no template.   Thermal gradient (°C) a) 64, b) 63.3, c) 
61.8, d) 59.8, e) 57.4, f) 55.3, g) 53.8 h) 53.0. 
 
   L      1.a     b     c     d       e      f      g      h     2.a      b      c     d      e      f       g       h        3.a    b      c       d     e      f       g      h 
4.a     b      c       d         e        f       g      h      5.a       b       c        d       e       f       g        h      6.a      b      c      d      e     f      g       h 
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Figure 2.6.  Thermococcales primer  mock archaeal community analysis.  
Mock community: P. aerophilium, A. luliquidus, M. jannasii,  I. hospitalis.   
L, Ladder. 
  L      1      2      3       4 
Thermococcales Mock Community 
1. Mock w/ Thermococcales (RGD 051) 
2. Mock w/o Thermococcales 
3. + RGD 051 
4. –  no template 
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Figure 2.7.  Archaeoglobus primer  mock archaeal community.  Mock community: 
P. aerophilium,  A. lulqidus, M. jannasii,  I. hospitalis,  P. horikoshi.   L, Ladder. 
  L      1      2      3       4      5 
1. Mock w/o Archaeoglobus  
2. Mock w/ A. lulqidus 
3. 3985-2-24 
4. + A. lulqidus 
5. – no template 
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Figure 2.8.  Ignicoccus primer  mock archaeal community.  Mock community: P. 
aerophilium, A. lulqidus,  M.  jannasii,  A. boonei,  P. horikoshi.   L, Ladder. 
  L          1           2          3          4       
1. Mock w/ I. hospitalis  
2. Mock w/o I. hospitalis 
3. + I. hospitalis 
4. – no template 
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Figure 2.9.  Marine Nanoarchaeota primer  mock archaeal community analysis of two 
primer sets 110/458 and 381/458.  Mock community: P. aerophilium, A. lulqidus, M. 
jannasii, I. hospitalis,  P.  horikoshi.  L, Ladder. 
  L      1       2        3     4       5      6     7       8      9      10 
1. Mock w/ nano 110/458 
2. Mock w/o nano 110/458 
3. 3985-2-24 
4. + N. equtians 
5. - 
6. Mock w/ N. equitans 381/458 
7. Mock w/o N. equitans  381/458 
8. 3985-2-24 
9. + N. equitans 
10. – no template 
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Table 2.4. Sanger sequenced PCR products of designed primer sets. 
Primer Set Target Sample Closest Representative ID % 
993F; 1063R Thermococcales  3985-2-24  T. atlanticus  94.5 
242F; 438R Archaeoglobus spp. 3985-2-24  A. veneficus 99 
406F; 638R Ignicoccus spp.  3985-2-24  I. pacificus 99 
110F; 458R Marine Nanoarchaeota 3985-2-24  N. equitans Kin4-M 95 
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a) 
b) 
c) 
d) 
Figure 2.10. Melt curve analysis from environmental samples of the four designed 
primer sets. a) Thermococcales; b) Archaeoglobus; c) Nanoarchaeota; d) Ignicoccus.  
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a) 
c) d) 
b) 
Figure 2.11. Standard curves from of the four designed primer sets. a) 
Thermococcales; b) Archaeoglobus; c) Nanoarchaeota; d) Ignicoccus.  
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microbiological quantification using qPCR across multiple taxon-specific primer sets 
reduces the gross biases associated with universal primers, and can provide a much more 
accurate representation of the archaeal community structure (Polz and Cavanaugh, 1998; 
Suzuki and Giovanni, 1996; Wintzingerode et al., 1997 from Baker et al., 2003).  Thus, 
the qPCR specific primers developed in this study that target the major and understudied 
groups within the archaeal biome of the Thermococcales, Archaeoglobus, Ignicoccus, 
and Nanoarchaeota can be used to elucidate archaeal community structure of highly 
diverse thermophilic communities.   
 
Primer Limitations 
There are several biases associated with primer design that may affect the 
specificity of the probes.  The primers reported in this chapter were dependent upon the 
published 16S rRNA genes from RDP and unpublished sequences (Sogin et al., 2006).  
Environmental metagenomic analyses continue to uncover novel full length 16S rRNA 
genes from rare ecosystems that enhance our understanding of the taxonomic breadth of 
microbial groups, which then allow researchers to develop more specific primers for 
qPCR assays (Sogin et al., 2006).  The coverage rate of each of the primers also varies 
due to the size of each phylum:  the order specific Thermococcales primers have a lower 
coverage rate across the entire order due to its size (>40 species), compared to the genus 
specific Ignicoccus primers that have a high coverage rate as only three species are 
currently characterized.   
 
Conclusions 
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Achieving unbiased molecular analyses of environmental samples is of utmost 
importance when assessing microbial community structure of the major archaeal groups.  
Universal primers used for 16S rRNA clone libraries and high throughput sequencing 
are inherently biased due to differences in kinetics and binding efficiencies across many 
different taxa, in addition to methodological and computational practices associated with 
high throughput sequencing (Polz and Cavanaugh, 1998;  Brunk and Eis, 
1998; Reysenbach and Pace, 1995; Suzuki and Giovanni, 1996).  As a result, some 
molecular analyses are not representative of the true microbial community structure.    
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CHAPTER 3: Abundance and Distribution of Major and Understudied Archaeal 
Lineages at Globally Distributed Deep-Sea Hydrothermal Vents 
 
Abstract 
Archaea that colonize deep-sea hydrothermal vent polymetallic sulfide deposits 
are phylogenetically and physiologically diverse. However, due to technological and 
sample limitations, the global archaeal inter-vent field patterns and the patterns between 
diverse sulfide deposit formations are still poorly understood.  Of the archaeal lineages, 
the methanogens, Thermococcales and the Archaeoglobus often represent the dominant 
groups, while little is known about the ecological relationships of the much less 
abundant Nanoarchaeota and Ignicoccus spp.  To investigate the global patterns of 
abundance and distribution of these archaeal groups, I used lineage specific and 
methanogen mcrA functional gene primers for qPCR analysis to compare the archaeal 
community abundance from 54 samples across ten globally distributed and 
geochemically distinct vent fields.  The archaeal community assemblage varied 
dramatically from hydrothermal vents with different vent host rocks along the Mid-
Atlantic Ridge and Eastern Lau Spreading Center.  In contrast, two vent fields in the 
East Pacific, 9°N on the EPR and Guaymas Basin that are basalt and basalt-sediment 
hosted respectively were found to have similar community composition.  The 
differences in community composition between the vent fields may be attributed to the 
metabolically available energy, as the hydrogen oxidizing archaeal groups were found in 
higher proportion in the ultramafic and fast spreading basalt vent fields that are more 
enriched in hydrogen.  The lineage specific analyses of the Nanoarchaeota and 
Temperatures: 
a. 64.0 C 
b. 63.3 C 
c. 61.8 C 
d. 59.8 C 
e. 57.4 C 
f. 55.3 C 
g. 53.8 C 
h. 53.0 C 
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Ignicoccus spp. were found to have an inconsistent proportional relationship to one 
another.  Nanoarchaeota were found in a higher proportion of the archaeal community at 
the ultramafic and fast spreading vent fields, and Ignicoccus was most prevalent at the 
ultra-slow spreading basalt and andesite hosted vent fields.  Over the entire dataset there 
was also a proportional shift between the chimney and flange samples, with 
chemolithotrophic methanogens and Archaeoglobus more dominant on average in 
chimney samples compared to heterotrophic Thermococcales in the flange samples.  The 
results from this study demonstrate that the archaeal population patterns are in part 
influenced by geochemical and geologic processes on a global scale, in addition to the 
more local influence of vent deposit structure.   
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Introduction 
Actively venting deep-sea hydrothermal vents are complex and dynamic 
ecosystems and represent one of the most physiochemically diverse ecosystems on 
Earth.  These environments are characterized by steep physical and chemical gradients 
that can have temperature extremes in excess of 350°C over a 3 cm span (Takai et al., 
2006).  The chemical disequilibria between the vent fluid and the oxygenated seawater 
support a highly diverse and productive microbial ecosystem based around primary 
production by chemolithoautotrophic microorganisms that gain energy from 
geochemically derived compounds such as: H2, CH4, H2S, and CO2 (Rau and Hedges, 
1979; Rau, 1981; Jannasch and Mottl, 1985; Sarrazin and Juniper, 1999; Page et al., 
2008). 
The geochemical composition of metabolically important compounds in end 
member hydrothermal fluid can be highly variable between vent fields, and is 
substantially influenced by the host rock composition (mafic, ultramafic, and andesite) 
(Von Damm, 1995).  Based on geochemical modeling, the dramatic variation in end 
member hydrogen concentrations, driven by host rock differences, are one of the key 
factors that influence the microbial diversity by driving available microbial processes 
(McCollom, 2007).  As the primary source of energy at hydrothermal vents is the 
reduced vent fluid, the oxidation state of the hydrothermal fluid is a principle controller 
of the energetic requirements for vent colonizing microorganisms (McCollum and 
Shock, 1997). 
Previous archaeal community structural analyses by Flores et al. (2011 & 2012a) 
based on barcoded pyrosequencing of chimney deposit samples found  that across 
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multiple taxonomic levels some vent colonizing Archaea had a direct relationship to end 
member geochemistry along the Mid-Atlantic Ridge (MAR) and the Eastern Lau 
Spreading Center (ELSC).  In particular, the proportion of methanogens, Archaeoglobus 
spp., and Thermococcales were found to vary dramatically from geochemically 
divergent vent fields.  The local end member geochemical differences between vent 
fields that had a direct influence on these archaeal lineages were primarily attributed to 
differences in host vent rock and other largescale tectonic interactions (Charlou et al., 
2011; Flores et al., 2011; Flores et al., 2012a).  In addition, the understudied lineage of 
the Nanoarchaoeta, a monotypic lineage represented solely by the species, 
Nanoarchaeum equitans, was found to have an inconsistent proportional relationship, 
across vent fields with different host rocks to the genus of its only known marine host, 
Ignicoccus.   
Besides host rock the accumulation of organic sediment at a minority of 
hydrothermal vent fields is also a fundamental factor that governs the end member fluid 
chemistry.  The fluid-sediment interaction accelerates sulfide precipitation through 
diagenetic processes and thermocatalytic decomposition of organic sediment (Edmond 
et al., 1985).  As a result the fluid composition has decreased concentration of metals, 
CH4, and is much more alkaline from the addition of ammonium (Edmond et al., 1985).   
The type of sulfide deposit structure may also influence the availability of 
metabolically important chemicals as the deposit type can often alter the magnitude and 
direction of the vent fluid flow and mixing regime (Tivey et al., 2007).   Chimneys are 
the main type of vent deposit structure that rise vertically and primarily exhaust fluid 
near the apex of the deposit (Tivey et al., 2007).  However, some deposits contain 
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overhanging flanges, further from the venting source that alter the mixing style of 
hydrothermal vent fluid by trapping pools of acidic fluid beneath them without mixing 
with the surrounding seawater (Tivey et al., 2007).  As a result of the differences in vent 
fluid mixing styles and heterogeneity of end-member hydrothermal vent fluid across 
vent fields, the microbiological diversity and community structure is expected to be 
constrained (McCollom and Shock, 1997; McCollom, 2007).   
Quantitative-PCR (qPCR) was used to verify and to expand onto the findings of 
Flores et al. (2011 & 2012a) by using lineage specific primers that target the 16S rRNA 
and the mcrA functional genes of five major archaeal hyperthermophile groups 
(methanogens, Archaeoglobus, Thermococcales, Nanoarchaeota, and Ignicoccus).   This 
study sought to accomplish this by assessing the global patterns of distribution, 
abundance, and biodiversity at ten geochemically diverse hydrothermal vent fields and 
distinct deposit structures from the: East Pacific Rise (EPR) (9° 039’N, 109° 31'W), 
Eastern Lau Spreading Center (ELSC) (176° 11.5'W, 20° 45.8'S), Guaymas Basin (27° 
0' N 111° 24' W), along with the Rainbow (36°13′N, 33°54.1′W) and Lucky Strike 
(37°17′N, 32°16.3′W) vent fields on the Mid-Atlantic Ridge (MAR).  The overarching 
goal was to quantify the archaeal community compositional shifts on a global scale 
across multiple tectonic ridge axes, and on a local scale between chimney and flange 
deposit structures.   
 
Materials and Methods 
Sample Collection 
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Samples were collected and processed by Gilbert Flores from hydrothermal vent 
sulfur-mineral deposits over the past decade from the EPR (9° 039’N, 109° 31'W), 
ELSC (176°11.5'W, 20°45.8'S), MAR (36°13′N, 33°54.1′W), and Guaymas Basin (27°0' 
N 111° 24' W) using the manned and unmanned submersibles Alvin and Jason, 
respectively.  Samples were processed and stored anaerobically as previously described 
(Gotz et al., 2002; Moussard et al., 2004; Reysenbach et al., 2006).  
 
Site Description 
Eastern Lau Spreading Center 
The ELSC is a 397 km ridge segment located at a convergent plate boundary that 
contains six vent fields from north to south: Kilo Moana, Tow Cam, Tahi Moana, ABE, 
Tui Malila, and Mariner (Ferrini et al., 2008; Mottl et al., 2011).  The ELSC is a back-
arc basin that formed due to subduction of the Pacific plate beneath the Australian plate 
that in effect created a more geologically diverse ridge system than a typical MOR 
system (Martinez et al., 2007).  The three northernmost vent fields; Kilo Moana, Tow 
Cam, and Tahi Moana have a relatively fast spreading rate  (4-10 cm/yr) and are all 
hosted by basalt substrate (Table 3.1) (Tivey, 2007; Ferrini et al., 2008).  ABE and Tui 
Malila are basalt-andesite hosted hydrothermal vents located 10 km and 150 km 
respectively south of Tahi Moana along the ELSC (Ferrini et al., 2008).  Mariner which 
is the southernmost vent field is basalt-andesite hosted, but is more influenced by the 
subducting Pacific plate than the other basalt-andesite hosted vent fields (Mottl et al., 
2011).  In general the hydrothermal fluid of each vent field is influenced on a north-
south continuum based on: plate subduction influence, spreading rate, and host rock.  In  
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general there is north to south decrease in H2S, H2 (aq), Fe, and temperature, coupled 
with an increase in pH at the various vent fields (Mottl et al., 2011).  The influence of 
the subducting Pacific plate increases to the south, while the four most northern vent 
fields (Kilo Moana, Tow Cam, ABE and Tui Malila) have similar hydrothermal fluid to 
a typical MOR.  Mariner has a higher concentration of H2S, CO2, Fe, transition metals, 
lower pH, and higher temperatures than any of the other vent fields (Mottl et al., 2011).  
The unique hydrothermal fluid at Mariner can be attributed to active degassing magma 
chamber that inputs a greater concentration of magmatic volatiles than any other vent 
field on the ELSC (Mottl et al., 2011). 
 
Mid-Atlantic Ridge 
Rainbow (36°13′N, 33°54.1′W) and Lucky Strike (37°17′N, 32°16.3′W) are two 
hydrothermal vent fields along the MAR at a depth of 2270–2330 and 1600–1750 m 
respectively (Flores et al., 2011).  These two fields are separated by 180 km and are 
hosted by geologically distinct host rock systems.  Rainbow is hosted by ultramafic 
rocks and emits relatively hot and acidic hydrothermal fluid (Table 3.1).   Due to 
serpentinization reactions with the ultramafic rocks, the hydrothermal fluid is enriched 
in in H2, CH4, CO, metals, and has lower concentrations of H2S, relative to basalt-hosted 
MOR vent fields (Charlou et al., 2002; Douville et al., 2002, Flores et al., 2011).   
The Lucky Strike vent field is a basalt hosted hydrothermal vent field which is 
relatively oxic, has a low concentration of Fe, manganese (Mn), lithium (Li), zinc (Zn), 
and is relatively alkaline (3.6-3.9) (25°C), compared to many basalt hosted MOR 
systems (Von Damm et al., 1998).  In addition there is a dramatic difference in the 
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concentration of metabolically important gasses between the two vent fields.  Lucky 
Strike has hydrothermal fluid that has up to three orders of magnitude less CO2, and H2 
than Rainbow (Table 3.1) (Von Damm et al., 1998; Charlou et al., 2002).   
 
Guaymas Basin 
Guaymas Basin (27° 0' N 111° 24' W) is a MOR hydrothermal vent field located 
north of the 21°N vent field within the Sea of Cortez (Edmond et al., 1985).  From south 
to north as the tectonic axis enters the Sea of Cortez it changes from sediment starved 
open-ocean to a continental rift, sediment hosted environment (Von Damm et al., 1985).   
The Sea of Cortez is very biologically productive with a sedimentation rate of 1 to 2 
mm/yr.  Due to the high sedimentation rate there is a 100-500 m thick organic rich 
diatomaceous sediment layer (Schrader, et al., 1982; Burggraf et al., 1990).  The organic 
sediment layer alters the chemical composition of the end member hydrothermal fluid 
considerably compared to a typical bare MOR vent fields.  The sediment layer 
interaction with the hydrothermal fluid accelerates metal precipitation and organic 
thermocatalysis that in effect alters hydrothermal fluid so that the metal concentration is 
several orders of magnitude lower, and methane is around two orders of magnitude 
higher than a typical MOR system (Von Damm, 1990).  In addition short chain fatty 
acids, petroleum, and ammonia are released from the sediment (Edmond et al., 1985). 
 
East Pacific Rise 
The 9°N hydrothermal vent field (9° 039’N, 109° 31'W) on the EPR is a fast 
spreading MOR system that spreads at a full rate of 11cm/yr and ranges from 2500-2600 
59 
 
m below the ocean surface (Carbotte and Macdonald, 1992).  The 9°N hydrothermal 
vent field is hosted by basalt/mafic rocks.  Due to the fast spreading rate eruptions along 
the EPR axis are relatively frequent, and eruption can often alter the geochemistry of the 
end member hydrothermal fluid with an increase in H2, CH4, and S
2-
 (Lilley et al., 2003; 
Seewald et al., 2003; Von Damm & Lilley, 2004).  The hydrothermal system at 9°N is a 
dynamic system and experiences geochemical variation and evolution more than ten 
years post eruption, and has been identified as the most temporally variable system on 
the global ridge system (Von Damm, 2004).    
 
DNA Extraction 
gDNA from the mineral-sulfide deposits was extracted by Gilbert Flores using 
Ultra Clean Soil DNA Isolation Kit (MoBio, Carlsbad, CA) according to standard 
protocol (Reysenbach et al., 2006) (Table 3.2).    
 
qPCR 
Genomic DNA from environmental samples was amplified using the primers 
designed in this study that target the 16S rRNA gene, using the Quantitect SYBR green 
PCR kit (Qiagen, Inc., Valencia, CA).  qPCR was conducted according to 
manufacturer’s protocols with a 0.8 μM final primer concentration.  The qPCR thermal 
cycling protocols were run according to Reysenbach et al. (2006).  To test for 
contamination and/or primer dimer, a melt curve of the PCR products from 55-95°C was 
performed after the final extension to verify the peak of the 16S rRNA gene amplicons.  
If multiple melting peaks occur there is high probability that the primers are non-specific  
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Table 3.2.  Hydrothermal vent deposit samples used for qPCR.  
All samples except for EPR were processed by Flores et al.  
MAR, Mid-Atlantic Ridge; GB, Guaymas Basin. * indicates 
samples also used in pyrosequencing analyses from Flores et al. 
(2011, 2012a) and Reysenbach unpublished. 
Site Vent Field Sample Year Deposit Type 
MAR Rainbow RB 165 2008 Chimney 
MAR Rainbow RB 177 2008 Chimney 
MAR Rainbow RB 231 2008 Chimney 
MAR Rainbow RB 241 2008 Chimney 
MAR Rainbow RB 3* 2008 Chimney 
MAR Rainbow RB 5* 2008 Chimney 
MAR Lucky Strike LS 304 2008 Flange 
MAR Lucky Strike LS 333 2008 Chimney 
MAR Lucky Strike LS 371 2008 Chimney 
MAR Lucky Strike LS 449 2008 Flange 
MAR Lucky Strike LS 8* 2008 Flange 
MAR Lucky Strike LS 12* 2008 Flange 
Guaymas GB Guay09 56 2009 Chimney 
Guaymas GB Guay09 99  2009 Chimney 
Guaymas GB Guay09 159  2009 Chimney 
Guaymas GB Guay09 244  2009 Chimney 
Guaymas GB Guay09 264a  2009 Flange 
Guaymas GB Guay09 289*  2009 Flange 
Guaymas GB Guay09 302  2009 Flange 
Guaymas GB Guay09 314  2009 Flange 
Guaymas GB Guay09 240*  2009 Chimney 
Guaymas GB Guay09 258*  2009 Flange 
Guaymas GB Guay09 441*  2009 Chimney 
EPR 9°N EPR04 23 2004 Flange 
EPR 9°N EPR04 29 2004 Flange 
EPR 9°N EPR04 1 2004 Chimney 
EPR 9°N EPR04 104 2004 Chimney 
EPR 9°N EPR04 131 2004 Chimney 
EPR 9°N EPR04 207 2004 Chimney 
EPR 9°N EPR04 1-D6 2004 Chimney 
EPR 9°N EPR04 T2-D6 2004 Chimney 
ELSC Kilo Moana KM 3 2009 Flange 
ELSC Kilo Moana KM 2* 2009 Chimney 
ELSC Tow Cam TC 1768* 2009 Chimney 
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  ELSC Tow Cam TC 26* 2009 Chimney 
ELSC Tow Cam TC 62* 2009 Chimney 
ELSC Tahi Moana TaM 1381 2009 Flange 
ELSC Tahi Moana TaM 1388 2009 Chimney 
ELSC Tahi Moana TaM 1464 2009 Chimney 
ELSC Tahi Moana TaM 1476 2009 Flange 
ELSC ABE ABE 206 2009 Chimney 
ELSC ABE ABE 3* 2009 Chimney 
ELSC Tui Malila TuiM 31 2009 Undetermined 
ELSC Tui Malila TuiM 1123 2009 Flange 
ELSC Tui Malila TuiM 1147 2009 Undetermined 
ELSC Tui Malila TuiM 1556 2009 Flange 
ELSC Tui Malila TuM 30* 2009 Flange 
ELSC Mariner Mariner 542 2009 Chimney 
ELSC Mariner Mariner 1493 2009 Flange 
ELSC Mariner Mariner 1704 2009 Flange 
ELSC Mariner Mariner 1718 2009 Chimney 
ELSC Mariner Mariner 14* 2009 Flange 
ELSC Mariner Mariner 38* 2009 Flange 
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to the target sequence, or that primer dimers formed (Ferriera, 2006).  Initial 16S rRNA 
gene concentrations were determined based on the mean cycle threshold of the duplicate 
samples using Opticon Monitor software analyses (v. 3.1, Life Science).  Amplification 
and quantification of the mcrA functional gene was conducted following the methods 
outlined in Wilson et al. (2010).   
 
Statistical Analyses 
The proportion of archaeal taxa genes were transformed by square root and 
similarity of each sample was assessed through Bray-Curtis analysis.  Sample similarity 
was visualized using a non-metric multidimensional scaling (MDS) plots for samples 
that are associated with the: MAR, ELSC, and eastern Pacific (EPR and Guaymas 
Basin).   The relationships between the vent fields were tested for significance using 
ANOSIM (PRIMER v6) (Clarke & Gorley, 2006).   
 
Nanoarchaeota-Local Similarity Analysis 
In order to identify co-varying archaeal patterns with the understudied 
Nanoarchaeota, a local similarity analysis (LSA) was conducted (Ruan et al., 2006).  
The barcoded pyrosequenced hypervariable V4 region of the archaeal 16S rRNA gene 
from 57 sulfide deposits from the MAR (Flores et al., 2011), Guaymas Basin 
(Reysenbach, unpublished), and the ELSC (Flores et al., 2012a) were binned to 97% 
identity, assigned taxonomic identity  from the RDP classifier,  and normalized as 
described in Flores et al., 2011 (Wang et al., 2007).  The co-varying relationships 
between all the OTUs with greater than 100 sequences were analyzed using the (LSA) 
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(Ruan et al., 2006).  The significant relationships between OTUs were filtered (P<0.05) 
and the LSA relationship of the Nanoarchaeota with the highest number of sequences 
(OTU 804) was visualized using the software Cytoscape (v. 2.8) (Shannon et al., 2003).   
 
Results 
Thermococcales Distribution  
Based on quantification of the Thermococcales-specific qPCR assays, detectable 
abundances were recovered in all 53 samples.  Proportionally the Thermococcales 
represented the largest mean fraction of the archaeal community at the vent fields of 
Mariner (24.8%) and Lucky Strike (25.1%) followed by EPR (20.5%) and Guaymas 
(13.4%) (Fig 3.1).  
 
Archaeoglobus Distribution  
Amplification products were detected using Archaeoglobus 16S rRNA gene 
primers from 48 of the 53 vent deposits (90.5%) using lineage specific qPCR primers 
from chapter 2.   The Archaeoglobus represented the largest proportion of the archaeal 
community at the vent fields Tow Cam (30.9%), Kilo Moana (29.3%), and Lucky Strike 
(18.6%), and the lowest at three vent fields along the ELSC; Tahi Moana (2.6%) ABE 
(2.8%), and Tui Malila (1.7%) (Fig 3.1). 
 
Methanogen Distribution 
Amplification products were detected using methanogen specific qPCR assays 
that target the mcrA gene, putative methanogen sequences were detected in 34 of the 53  
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  Figure. 3.1. Relative proportion of select archaeal taxa to total archaeal abundance from 
deposit samples of globally distributed hydrothermal vents. Error bars indicate ± 1 
standard error of the mean (SEM). 
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vent deposits samples (64.1%).  All of the samples from Lucky Strike were below the 
detection limit (BDL).  The mean proportional abundance of methanogens was greatest 
at Tow Cam (13.9%), followed by Guaymas (5.4%) and EPR (1.1%) (Fig 3.1).  At all 
other vent fields the methanogens represented <1% of the archaeal community.   
 
Nanoarchaeota Distribution     
Amplification products were detected using Nanoarchaeota 16S rRNA gene 
primers in 31 of the 53 vent deposits (58.4%).   Nanoarchaeota sequences were detected 
from five of the fifteen ELSC samples.  No Nanoarchaeota sequences were detected 
from the basalt hosted Lucky Strike, ABE, or Kilo Moana vent field.  The 
Nanoarchaeota were found to be in the greatest proportion of the archaeal community 
from the EPR samples (3.7%) (Fig 3.1). 
 
Ignicoccus Distribution 
Amplification products were detected using Ignicoccus 16S rRNA gene primers 
in 34 of 53 vent deposit samples (64%), with no sequences identified at Tow Cam along 
the ELSC.  The proportion of Ignicoccus was found to be highest at Lucky Strike (4.6%) 
and Mariner (4.2%) and lowest at Rainbow (0.15%) and Kilo Moana (0.12%) of the vent 
fields that had detectable levels of Ignicoccus (Fig 3.1). 
 
Statistical Analyses: 
Overall Community Structure 
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Based on the one way-ANOSIM (Primer v6) pairwise analyses of the abundance 
of the archaeal community from all the vent fields, seven out of 15 analyses were found 
to have statistically significant patterns of archaeal community abundance (P<0.05) 
(Table 3.3).   
 
Mid-Atlantic Ridge 
Based on a one-way ANOSIM (Primer v6) analysis of the archaeal communities 
along the MAR, between the ultramafic Rainbow and basalt hosted Lucky Strike, the 
two vent fields were found to be statistically distinct from one another (R= 0.465; 
P<0.05) (Fig 3.2).  Graphical visualization on MDS plots further supports this 
observation, as the samples from the basalt and the ultramafic hosted vent fields do not 
physically overlap (Fig 3.2). 
 
Eastern Lau Spreading Center 
Based on a one-way ANOSIM (Primer v6) analysis of the archaeal communities 
along the ELSC, the northern basalt hosted vent fields were found to be distinct from the 
southern andesite hosted vent fields (R=0.161; P<0.05) (Fig 3.2).  Graphical 
visualization on MDS plots further supports this observation, with the exception of a 
single sample from Tui Malila, as the basalt and the andesite hosted vent fields do not 
overlap (Fig 3.2). 
 
East Pacific 
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Rainbow Guaymas Basin EPR ELSC B ELSC A 
Guaymas Basin 0.312 (0.011)     
EPR 0.531 (0.001) 0.047 (0.218)    
ELSC B 0.198 (0.041) 0.319 (0.002) 0.225 (0.013)   
ELSC A 0.049 (0.293) -0.012 (0.53) -0.039 (0.618) 0.161 (0.032) 
Lucky Strike 0.465 (0.006) 0.219 (0.051) 0.09 (0.131) 0.197 (0.077) 0.064 (0.228) 
Table 3.3.  Results of an ANOSIM pairwise archaeal community comparison from 
globally distributed hydrothermal vents using Primer v6.  The comparative 
ANOSIM statistical relatedness of each community is represented by R value 
(1<x<-1) and P values are indicated in parentheses and significant relationships 
between the vent fields are indicated by bold (P<0.05).  EPR, East Pacific Rise; 
ELSC B, Eastern Lau Spreading Center Basalt; ELSC A, Eastern Lau Spreading 
Center Andesite. 
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R=0.465 
P=0.006 
R=0.161 
P=0.032 
b) 
c) d) 
a) 
Figure 3.2. MDS using Bray-Curtis similarities of square root transformed archaeal 
community relatedness of the a) Globally distributed hydrothermal vents b) MAR 
c) ELSC d) EPR and Guaymas Basin.  Pairwise relatedness (R value) and 
significance (P value) are displayed based on ANOSIM analyses in the bottom 
right. EPR, East Pacific Rise; ELSC B, Basalt hosted vent fields on the ELSC; 
ELSC A, Andesite hosted vent fields on the ELSC.  
R=0.047 
P=0.218 
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Based on a one-way ANOSIM (Primer v6) analysis of the archaeal community 
between the unsedimented EPR and sediment hosted Guaymas Basin samples, the 
archaeal community structure was not statistically distinct as determined by ANOSIM 
(Primer v6) analyses (P>0.05) (Table 3.3).  MDS plots of the two vent fields also 
showed physical overlap of the two vent field samples, corroborating the ANOSIM 
statistical analyses (Fig 3.2) 
 
Nanoarchaeota-Local Similarity Analysis  
LSA was utilized to determine Nanoarchaeota co-occurrence patterns to other 
archaeal groups using data from previously conducted barcoded pyrosequencing of nine 
distinct vent fields by Flores et al. (2011, 2012a) and Reysenbach (unpublished).   The 
most prevalent Nanoarchaeota OTU (no. 804) had 3999 reads from 57 tested samples 
and was identified in 24.6% of the vent deposit samples (Table 3.4).  Fifteen OTUs were 
positively correlated to this Nanoarchaeota OTU, and 10 of 15 were from the kingdom 
Euryarchaeota (Fig 3.3).  Of the non-Euryarchaeota OTUs, four were Crenarchaeota and 
one was Nanoarchaeota.  Within the Euryarchaeota three of the four most positively 
correlated OTUs were from the Archaeoglobaceae, followed by two methanogen, 
Desulfurococcaceae, and  Thermofilum OTUs.  Five OTUs could only be taxonomically 
identified up to the Euryarchaeota.  Of the OTUs that negatively co-occur with the 
Nanoarchaeota all are from the Euryarchaeota, with two from the Thermococcaceae and 
Euryarchaeota respectively, and a single OTU from Archaeoglobi and the “DHVE2”.   
 
Flange versus Chimney 
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Table 3.4.  Co-occurrence results of the Local similarity analysis of the 
Nanoarchaeota OTU from 62 sulfide deposit samples. 
  
OTU 
sequences  
Proportion of 
deposits with 
OTU occurrence 
Local 
Similarity Taxonomic ID Maximum ID 
Nanoarchaeota OTUs 
     804 3999 0.246 
 
Nanoarchaeum 82% 
Positively correlated  
OTUs with 804 
     455 151 0.088 0.4694 Archaeoglobaceae 89% 
461 3539 0.719 0.4582 Archaeoglobus 95% 
1137 120 0.105 0.415 Euryarchaeota 98% 
1060 2538 0.667 0.4108 Archaeoglobus 100% 
494 3557 0.123 0.3885 Methanothermococcus 89% 
638 5105 0.772 0.3532 Desulfurococcales 98% 
484 454 0.088 0.3496 Methanococcus 99% 
567 210 0.035 0.3391 Euryarchaeota 74% 
176 288 0.088 0.3296 Nanoarchaeum 76% 
32 321 0.281 0.3285 Thermofilum 64% 
751 105 0.123 0.3227 Euryarchaeota 58% 
474 175 0.211 0.3077 Euryarchaeota 74% 
490 103 0.07 0.301 Euryarchaeota 92% 
871 295 0.105 0.2947 Thermofilum 68% 
415 166 0.456 0.3053 Desulfurococcaceae 51% 
      
Negatively correlated 
OTUS with 804 
     860 2293 0.509 -0.3135 Euryarchaeota 87% 
1148 1389 0.667 -0.3176 
"DHVE2" 
Euryarchaeota  
98% 
1248 535 0.228 -0.3229 Euryarchaeota 65% 
739 101 0.404 -0.3459 Archaeoglobi  95% 
1038 30156 1 -0.3567 Thermococcus 100% 
421 538 0.386 -0.3596 Thermococcaceae 70% 
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Figure 3.3 Co-occurrence results of the local similarity analysis of the 
Nanoarchaeota OTU from 62 sulfide deposit samples visualized using 
Cytoscape. 
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The abundance and proportion of the five archaeal groups were tested to 
determine if there was a significant shift in archaeal community composition between 
the chimney and flange deposit structures (Fig 3.4).  Overall the chemosynthetic groups 
of the methanogens and Archaeoglobus constituted a larger proportion of the archaeal 
community from chimney samples than from flange samples.  There was an opposing 
shift associated with the Thermococcales that were found in a higher proportion at 
flange samples.  The Nanoarchaeota and Ignicoccus showed no distinct structuring 
based on chimney or flange deposit structures.   
Based on a one-way ANOSIM (Primer v6) analysis of the archaeal community 
abundance between flange and chimney structures across the entire dataset the archaeal 
community structure was found to have statistically significant relationship (Primer v6) 
(R=0.120; P=0.013).   
 
Discussion  
Mid-Atlantic Ridge 
Similar to Flores et al. (2011), this study found that the archaeal community 
composition was statistically distinct between the basalt-hosted Lucky Strike and the 
ultramafic-hosted Rainbow vent fields (Fig 3.2).  Based on qPCR and barcoded 
pyrosequencing analyses the primary difference in archaeal composition between the 
two vent fields was the presence of methanogens from Rainbow vent deposit samples 
and the dearth of methanogens at Lucky Strike (Fig 3.1) (Flores et al., 2011).  The 
prevalence of methanogens at Rainbow was attributed to the high concentration of 
aqueous hydrogen that is two to three orders of magnitude higher at Rainbow as a result 
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Figure 3.4. Relative proportion of selected archaeal taxa from chimney and flange 
hydrothermal vent deposits from globally distributed hydrothermal vents, based on 
qPCR.  Error bars indicate ± 1 standard error of the mean (SEM).  
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of serpentinization reactions between the ultramafic rocks and seawater (Charlou et al., 
2011; Flores et al., 2011).  The dearth of methanogens at Lucky Strike is however most 
likely driven by the relatively oxidizing conditions as the vent field has experienced 
prolonged hydrothermal activity due to its slow spreading rate, and as a result the 
mineral assemblage beneath the vent field has potentially been thoroughly leached and 
has reached a state of equilibrium with respect to fluid composition (Palmer and 
Edmond, 1989; Honnorez et al., 1998; Von Damm et al., 1998; Gallant & Von Damm, 
2006).  As a result the end member fluid chemistry is likely below the minimum 
hydrogen threashold for methanogenesis (Flores et al., 2011).   
 
Eastern Lau Spreading Center 
Along the ELSC there is a generalized geochemical gradient of decreasing 
concentration of metabolically important compounds such as hydrogen, hydrogen 
sulfide, and methane from the northern vent fields (Kilo Moana, Tahi Moana, and Tow 
Cam) to the southern (ABE, Tui Malila, and Mariner) driven by changes in host rock 
due to increasing influence of the subducting Pacific plate.  The archaeal community 
structure mimics the geologic and geochemical shift from north to south as the 
Archaeoglobus and methanogens are in in a higher proportion in the north while the 
Thermococcales are in high proportions in the south.  In anaerobic environments, 
methanogens and Archaeoglobus predominantly gain energy through the oxidation of 
hydrogen with CO2 or sulfur compounds as terminal electron acceptors.  Flores et al. 
(2012a) found that the community differences between vent fields were primarily driven 
by the proportional abundance of Thermococcales at the southernmost vent field of 
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Mariner.  The high proportion of Thermococcales at Mariner was also observed from 
this dataset and potentially could be attributed to the high concentration of single carbon 
compounds at Mariner, as some species within the Thermococcales are carboxytrophic 
and are able to oxidize carbon monoxide (Lee et al., 2008; Zivanovic et al., 2009; 
Vannier et al., 2011; Flores et al., 2012).   
In spite of the geochemical shift from north to south and the transition from 
basalt to andesite hosted vent rock along the ELSC, Flores et al. (2012a) found that the 
archaeal community structure was similar across the ELSC, except for Mariner that had 
a divergent community structure.  In contrast, the analyses from this study found that the 
community composition segregated based on host rock.  The three basalt-hosted vent 
fields (Kilo Moana, Tahi Moana, and Tow Cam) and the three andesite hosted vent 
fields (ABE, Tui Malila, and Mariner) overall had statistically distinct community 
structures based on Brays-Curtis similarity analyses and ANOSIM relatedness (P<0.05).  
One potential explanation for this discrepancy could be an underestimation of some of 
the major archaeal lineages from barcoded pyrosequencing, in particular the 
Archaeoglobus.  In the three most northern vent fields from qPCR assays Archaeoglobus 
was found to be in the highest proportion at two of the three basalt-hosted vent fields 
(Kilo Moana and Tow Cam).  The higher proportion of Archaeoglobus may be a 
function of the high hydrogen concentration at the basalt-hosted vent fields (Charlou et 
al., 2012).  Flores et al., (2012a) in contrast found that Archaeoglobus only represented a 
very small minority of the archaeal community, and may be a function of biases with the 
V4 primers used.  The V4 universal primers that were used for barcoded pyrosequencing 
were found to have greater than tenfold underestimation of the total expected 
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proportional abundance for the order Archaeoglobales (Shakya et al., 2013).  The low 
proportion of Archaeoglobus detected from barcoded pyrosequencing may be a 
contributing factor to the lack of differentiation between the basalt and andesite hosted 
vent fields along the ELSC.   
 
East Pacific 
Traversing north of the EPR vent fields, along the tectonic ridge system, there is 
a transitional shift from sediment starved open ocean system to a sediment hosted 
enclosed vent field within the Sea of Cortez (Von Damm et al., 1985).  At Guaymas 
Basin, due to the highly productive photic zone the sedimentation rate is two orders or 
magnitude greater than at the EPR vent fields (Von Damm et al., 1985).  Due to the 
influence of the of 100-500 m organic rich diatomaceous sediment layer the end member 
hydrothermal vent fluid between the EPR and Guaymas Basin are characteristically 
distinct.  The end member fluid at Guaymas Basin has a very low concentration of 
metals due to precipitation within the sediment, as well as increased methane from 
thermocatalysis of the organic sediment, and is much more alkaline because of the input 
of ammonium.  As a result, the archaeal community structural differences between the 
EPR and the Guaymas Basin are a model system for analyzing the geologic influence of 
sedimentation.   Even though there are stark geochemical differences between the 
unsedimented EPR and sedimented Guaymas Basin, the archaeal community structure 
of the five tested lineages was not significantly different (P>0.05) (Fig 3.2).  These 
results suggest that the geochemical differences driven by sedimentation between the 
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EPR and Guaymas basin are not a strong structuring force of the major archaeal 
lineages. 
The insignificant difference between these two vent fields could be due to the 
energetic metabolisms of the assayed archaeal lineages.  Methanogens, Archaeoglobus, 
and Ignicoccus all utilize hydrogen as their primary electron donor, while the 
Thermococcales are generally heterotrophs that are stimulated by elemental sulfur, and 
the Nanoarchaeota has no known energetic metabolism.  Thus the geochemical 
differences driven by sedimentation do not significantly impact the metabolically 
important chemicals for the major archaeal lineages.  However, the influence of 
sedimentation most likely affects the abundance of microorganisms that have methane 
oxidizing or iron redox energetic metabolisms as there is a substantially higher 
concentration of methane and a low concentration of metals at Guaymas Basin (Shock 
and Canovas, 2010).   
 
Hydrogen Cycling 
Methanogens and Archaeoglobus are the two main hydrogen oxidizing archaeal 
lineages at deep sea hydrothermal vents, most likely because at elevated temperatures 
hydrogenotrophic methanogenesis and sulfate reduction are thermodynamically the most 
energetically favorable reactions (McCollom and Shock, 1997; Shock and Holland, 
2004).  Based on the qPCR assays the methanogen mcrA and Archaeoglobus 16S rRNA 
gene were found in high abundances at Rainbow, EPR, and Guaymas hydrothermal vent 
fields (Fig 3.5).  However at the remaining hydrothermal vent field samples 
Archaeoglobus was the predominant hydrogen oxidizing lineage, with only two  
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Figure 3.5. Relative proportion of Archaeoglobus and methanogen 
(mcrA) genes based on qPCR.  Vent fields are organized in ascending 
order with the highest hydrogen end member concentrations at the 
bottom.   
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exceptions (Tum 30 & ABE 3) (Fig 3.5).  The methanogen abundances at the 
hydrothermal vents were found to be generally proportional to the hydrogen 
concentration of the end member hydrothermal fluids.  This observation is consistent 
with previous molecular analyses that found that vent fields with high end-member 
hydrogen concentrations; Iheya North Field, Logatchev, Rainbow, and Kairei all had 
high proportions of methanogens (Nakagawa et al., 2006; Takai et al., 2008; Takai et al., 
2009; Flores et al., 2011).  It is also consistent with thermodynamic modeling, as 
methanogenesis is kinetically constrained in low hydrogen environments compared to 
other terminal electron acceptors such as sulfate, Fe (III), Mn (IV), and nitrate 
(McCollom, 2007).  In high temperature sulfide deposits sulfate reducers should 
thermodynamically outcompete methanogens for H2, provided that sulfate is not limiting 
(McCollom, 2007).  The concentration of sulfate in water can be around 300 times 
greater than oxygen, thus sulfate should not be limiting, even at very low hydrothermal 
fluid/seawater mixing ratios (McColom, 2007).  Thus at low hydrogen concentrations 
other energetic metabolisms will outcompete the hydrogenotrophic methanogens for 
hydrogen, such as sulfate reduction by the Archaeoglobus.   
Ver Eecke et al., (2012) demonstrated that hydrogen limitation was a key 
determinant for Methanocaldococcus growth, and that the minimum hydrogen threshold 
for growth of this methanogen was 17-23 µM.  The Mariner vent field along the ELSC 
lies below this predicted hydrogen threshold, yet from a single sample from Mariner 
(Mariner14) we obtained mcrA gene copies.  The methanogens detected at Mariner 
experience temporal and/or spatial variability in hydrogen concentrations, or could have 
a lower hydrogen threshold than other non-Methanocaldococcus spp., or be part of a 
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potential syntrophy with Thermococcales, as some species of Thermococcales are able 
to oxidize CO and create H2 as a metabolic end product (Ver Eecke et al., 2012).   
 
Nanoarchaeota/Ignicoccus  
Based on the Nanoarchaeota specific qPCR assays it is evident that the marine 
Nanoarchaeota are widespread at most deep-sea hydrothermal vents, and particularly in 
hydrothermal vent chimneys that are ultramafic (Rainbow) or fast spreading basalt-
hosted (EPR and Guaymas) (Fig 3.6).  Despite their distribution, the Nanoarchaeota and 
Ignicoccus represented a minority of the total archaeal community.  Over the ten vent 
field dataset the mean proportional archaeal abundance of both the Nanoarchaeota and 
Ignicoccus was never greater than 5% of the archaeal community.   
Due to metabolic limitations of N. equitans, if I. hospitalis was the sole host in 
marine environments for all Nanoarchaeota species one would expect the relative 
proportion of Ignicoccus to Nanoarchaeota to be relatively constant across the vent 
fields.  However, the proportion of Nanoarchaeota to Ignicoccus was not consistent 
across all ten vent fields as the Nanoarchaeota was found in highest proportions at 
Rainbow, Guaymas Basin, and the EPR, and the Ignicoccus was observed in the highest 
proportion from the Lucky Strike, Mariner, and ABE vent samples (Fig 3.6; Fig 3.7).  
This analysis is consistent with the barcoded pyrosequencing analysis of chimney 
samples from the MAR and ELSC by Flores et al., (2011; 2012a) that found 
Nanoarchaeota phylotypes to be in the largest proportion at the Rainbow and Kilo 
Moana vent fields along the MAR and ELSC respectively.  Conversely, these studies 
found Ignicoccus phylotypes to be in the largest proportion at the Lucky Strike and 
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Figure. 3.6. Relative proportion of the Nanoarchaeota and Ignicoccus from deposit 
samples of globally distributed hydrothermal vents. Error bars indicate ± 1 standard error 
of the mean (SEM). 
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Figure. 3.7.  Relative proportion of the Nanoarchaeota and Ignicoccus sequences, based 
on qPCR.  Vent fields are organized in ascending order with the highest hydrogen end 
member concentration on the bottom. 
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Mariner vent fields.  However there are a few factors that may affect the observed 
Nanoarchaeota to Ignicoccus proportion.  N. equitans is known to have a variable 
number of cells attached to I. hospitalis, and due to limitations of primer design, the 
qPCR assays that targeted the genus Ignicoccus also contain two known species (I. 
pacificus, and I. islandicus) that have not been shown to be hosts of the N. equitans 
(Huber et al., 2002).  However, the proportion of Nanoarchaeota to the overall archaeal 
community may not be completely representative as the qPCR universal archaeal 
primers used in this study does not match all marine Nanoarchaeota sequences.  The 
forward primer in particular only matches two Nanoarchaeota sequences from the RDP 
database from Rainbow hydrothermal vent samples.   
 
Nanoarchaeota-Local Similarity Analysis  
As little is known about the ecological relationship of the Nanoarchaeota in 
hydrothermal vent deposits, the co-occurring relationship of the most prevalent 
Nanoarchaeota OTU  to other archaeal lineages from previously reported barcoded 
pyrosequencing data was elucidated through LSA analysis (Flores et al., 2011; Flores et 
al., 2012a; Reysenbach, unpublished).  The positively correlated OTUs that were 
identified past the kingdom level were generally associated with chemosynthetic 
energetic metabolisms of either: sulfate reduction, methanogenesis, or sulfur 
metabolisms (Table 3.4 Fig 3.3). The marine Nanoarchaeota appear to have overlapping 
ecological niches to Archaeoglobaceae, methanogens, Thermofilaceae, along with two 
Desulfurococcaceae OTUs.  The Desulfurococcaceae is the family of the I. hospitalis, 
the only known marine Nanoarchaeota host.  It is unknown if any of these lineages may 
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be previously unidentified Nanoarchaeota hosts or just have overlapping environmental 
niches.  Thus far the only confirmed non-Ignicoccus host is a “Sulfolobus-like” Archaea 
isolated from the Obsidian Pool at Yellowstone National Park through flow cytometry, 
and analyzed using single cell genomics (Podar et al., 2013).  Of the six OTUs that 
negatively occur with the Nanoarchaeota, the Thermococcaceae and “DHVE2” can be 
identified as having generally heterotrophic energetic metabolisms that utilize peptides 
or carbohydrates.  The only identifiable chemosynthetic metabolism is one OTU 
associated with the Archaeoglobi with either sulfate reduction or iron metabolism.   
 
Flange versus Chimney 
In addition to plate tectonic interactions that influence the structure of the 
archaeal community at hydrothermal vents, the deposit structure within each 
hydrothermal vent appears to influence the abundance and distribution of the examined 
archaeal lineages.  The chemosynthetic methanogens and sulfate reducing 
Archaeoglobus constituted a higher proportion of the archaeal community from the 
chimney samples than the flange samples (Fig 3.4).  This shift in community structure 
could be associated with the differences in the fluid mixing style.  At flanges compared 
to chimney deposits, the diffuse hydrothermal fluid gets trapped beneath the flanges and 
is conductively cooled that result in a strongly thermoacidic environment (Tivey et al, 
2005).  The chemosynthetic lineages may be more influenced by the availability of 
chemically rich hydrothermal fluid than the heterotrophic Thermococcales. 
Previous studies have found that hyperthermophilic chemolithoautotrophic 
Archaea often inhabit a micro-niche within the innermost section of the chimney closest 
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to the vent source, and the bacterial abundance is often highest farther from the venting 
point and is dominant on the outer crust (Sievert et al., 1999; Sievert et al., 2000).  
Flange deposits are farther from the venting source and may harbor a more mature 
microbial community, as there is a buildup of carbon from both bacterial and archaeal 
chemolithoautotrophs.  The heterotrophic groups such as the Thermococcales are then 
able to utilize the fixed carbon in the form of peptides and carbohydrates (Reysenbach et 
al., 2000).  This shift in predominance of heterotrophic Archaea at flange deposits was 
also observed from the peptide fermenting thermoacidophile “DHVE2”, that was found 
in much higher concentrations from flange rather than chimney samples (Flores et al., 
2012b). 
However, there is often substantial heterogeneity even within the same flange 
deposit.  Two Tui Malila samples from opposing sides of the same flange (TuiM 1556 & 
30) were found to have Thermococcales and Nanoarchaeota abundances that were three 
orders of magnitude higher on the upper portion of the flange than the lower.  Due to the 
extraordinarily steep physical and geochemical gradients at hydrothermal vents, archaeal 
community structuring may be the most strongly influenced by environmental pressures 
than in any other microbial biotope.   
 
Conclusion 
Physical and geochemical pressures resulting from complex geologic processes, 
such as host rock interactions, have long been attributed to driving the available 
metabolic processes and the microbial diversity at deep sea hydrothermal vents (Tivey & 
McDuff, 1990; Tivey et al., 1995; McCollom & Shock, 1997; Luther et al., 2001; 
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McCollom, 2007; Amend and Shock, 2011).  Analysis of Archaea from distinct 
hydrothermal vent systems demonstrated that the community structure is not solely 
based on host rock, but potentially more complex interaction such as spreading rate and 
vent deposit structure.  
The abundance and distribution of the physiologically diverse major archaeal 
groups were generally associated with ecological niches within the different 
hydrothermal vents and the vent deposit structures.  Hydrogen oxidizing lineages of the 
methanogens and Archaeoglobus were found to be generally proportional to the 
hydrogen concentration of the end member hydrothermal fluids, and more abundant in 
chimney samples closer to the venting source.   
Prior to this study, the abundance and global distributional patterns of the 
Nanoarchaeota in marine environments was sparse and inconsistently studied across 
many different molecular techniques.  This study showed that the Nanoarchaeota are 
ubiquitous at most deep-sea hydrothermal vents and generally co-occur with 
methanogens, Archaeoglobaceae, and Desulfurococcaceae, and have an inconsistent 
proportional relationship to the genus Ignicoccus.  This study and the qPCR primers 
developed can be used to further investigate this lineage as an initial step for isolation of 
novel Nanoarchaeota species and potential new hosts through enrichment culture or 
metagenomic analyses.  These analyses and results could also further aid in uncovering 
the unsettled phylogeny, genetic diversity, and evolutionary history of this archaeal 
lineage.   
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CHAPTER 4:  Conclusion 
 
Archaea that colonize deep-sea hydrothermal vents have been extensively 
studied through both culture dependent and independent analyses (Takai et al., 2006; 
Takai et al., 2011).  Culture independent phylogenetic analyses have been used to 
establish evolutionary relationships, infer physiology and community structure (Moyer, 
1998).   However, these rRNA based analyses are not without their shortcomings, and 
are often hampered by biases introduced by the methodological and computational steps 
taken (Polz and Cavanaugh, 1998; Hong et al., 2009; Engelbrektson et al., 2010; Huse et 
al., 2010; Haas et al., 2011).  Until recently most studies have primarily focused on 
community structure from mid-ocean ridge systems or have sampled from a single 
tectonic ridge, to the exclusion of alternative host rock systems. As a result of 
technological shortcomings and sample limitation the global patterns of the abundance 
and distribution of major archaeal lineages and the abiotic factors that may influence 
these patterns are still not well understood.  The studies presented in this thesis are 
intended to better our understanding of the global patterns of archaeal abundance, 
community structure, and the potential influence of environmental factors.   
In Chapter 2 qPCR specific primers were designed or optimized for the major 
and understudied archaeal lineages of the Archaeoglobus, Thermococcales, marine 
Nanoarchaeota, and the Ignicoccus.  These novel primers were designed based on a 
comprehensive survey of published databases, and unpublished archaeal 16S rRNA 
genes.  Target 16S rRNA gene sequences were used to develop candidate primers by 
using MEGA5 software and cross-referenced against the RDP database with the RDP 
88 
 
BLAST program (Cole et al., 2007; Tamura et al., 2011).  Each primer was designed 
using the following guidelines:  primer length between 15-30bp, melting temperature  
approximately 60°C, G+C content approximately 50%, amplicon size less than 300bp, 
and limited self-complimentary and heterodimer strands.  The specificity of the primers 
were validated by PCR analyses of both mock archaeal community and environmental 
gDNA vent deposit samples, and sequencing.   
In Chapter 3 I utilized the developed and optimized qPCR specific primers from 
Chapter 2 along with methanogen mcrA functional gene primers to compare the archaeal 
community abundance from 54 samples across ten geochemically distinct vent fields.  
The hydrothermal vent fields tested have a range of host rocks (mafic, ultramafic, and 
andesite), along with sedimentation and spreading rate.  The geologic differences 
between the sites are predicted to influence the available energetic metabolisms, and 
thus impact the structure of the microbial community (McCollom, 2007).  Based on the 
qPCR assays of the five archaeal lineages, this study found that the archaeal community 
assemblage varied dramatically from hydrothermal vents with different vent host rocks 
along the Mid-Atlantic Ridge and Eastern Lau Spreading Center.  In contrast, two vent 
fields in the East Pacific, 9°N on the EPR and Guaymas Basin that are basalt and basalt-
sediment hosted were found to have similar community composition.  These differences 
in community composition may be driven in part by the availability of chemical energy, 
as the hydrogen oxidizing lineages of the methanogens and Archaeoglobus were found 
in higher abundance in the hydrogen enriched vent fields and the heterotrophic 
Thermococcales constituted a higher proportion of the archaeal community at the less 
enriched vent fields.  In addition, lineage specific analyses of the Nanoarchaeota and the 
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genus of its only known marine host, Ignicoccus, were identified to have an inconsistent 
proportional relationship to each other.  Nanoarchaeota phylotypes were found in the 
highest proportion at the ultramafic or fast spreading basalt hosted vent fields, and the 
Ignicoccus at the andesite or slow spreading basalt vent fields.  
The vent deposit structure was also identified to influence the archaeal 
distributional patterns.  Distinct archaeal communities were observed between the 
chimney and horizontal flange structures.  The chimney samples were found to have a 
higher proportion of chemosynthetic methanogens and Archaeoglobus, and inversely the 
flange structures were found to have higher proportions of the heterotrophic 
Thermococcales.  This archaeal proportional shift could be driven by energetic micro-
niches within the vent deposit. The chemolithotrophic lineages may be in higher 
proportion at the chimney structures as they readily colonize the area closest to the 
venting source and the heterotrophic Thermococcales dominate in more mature 
structures with potentially higher concentrations of fixed carbon further from the fluid 
source.     
 
Future Directions 
 Nearly four decades have passed since the discovery of the first deep-sea 
hydrothermal vent at the Galapagos Rift; yet hydrothermal vent ecosystems continue to 
be one of least understood biotopes on Earth.  This project helped to expand on the 
understanding of this ecosystem by analyzing the global patterns of archaeal abundance 
and distribution at geologically diverse hydrothermal vents.  The research presented here 
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has helped to elucidate how the abundance of select archaeal lineages are potentially 
affected by:  1) host rock, 2) sedimentation, and 3) and vent deposits structure.   
To build on this project there are several future research opportunities and 
questions to address.  Similar sampling and molecular analyses could be employed to 
investigate hydrothermal vent fields that have not been thoroughly studied, such as 
Edmond and Kairei on the Central Indian Ridge, in addition to vent fields in the Red Sea 
that are geologically similar to the sediment-hosted Guaymas basin.  In addition the 
qPCR primers developed from Chapter 2 can be used for targeted enrichments or single 
cell genomics of the Nanoarchaeota that may aid in uncovering the unsettled phylogeny, 
genetic diversity, and evolutionary history of this unique archaeal lineage. 
As this project only focused on five groups of Archaea it is also vital to expand 
our understanding of the phylogenetic and metabolic diversity at hydrothermal vents, 
particularly of uncultured microorganisms.  This can be accomplished by utilizing 
metagenomic analyses of archaeal communities across geochemically distinct vent fields 
and deposit structures, to further assess putative metabolic capabilities and link function 
to phylogeny.   
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